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’=his report  s m a r i z e s  the  r e s u l t s  of t h e  Hy-persoKic Researpb F a c i l i t l c s  
Study Phase I1 e f f o r t  perfop.ed during t h e  period froE 19 September l g t g  thrcuph 
2 Januzry 1970 under ITationai Acronamtics ana Space Administratron Contract 
3AS2-5458 by McDonnell Aircrzf t  C~mpanjr, (MCAIR) St. Louis , Missocri , a di-.rislon 
of McDomeli Docglas Corporzt ior,. 
The study vas sponscrez by the  Office of Ad-ranced Iiesearch and Technolcp:.r 
vltn Mr. Richard H. Petersen as Stucv Konitor and Mr. Hubert 3rake 8s a l t e rna te  
Study k n i t  or.  
5Ir. Charles J. P i r r e l l o  vas bIanager of t h e  fIyFEiC p ro jec t  ar,d Ilr. Paul A.  
Czysz :.as Deputy’ Xmager. 
ing, which i s  directed by Mr. R. H. Bel t ,  Vice President,  Ai rcraf t  a r i n e e r i x .  
The h F A C  s t u 6 y  team was  an element of t h e  Advancer3 S y s t e m  Concepts FroJect m-m- 
aged by Mr. Harold D. A l t i s .  
The study was  conducted within MCAIR Advanced EngSr.eer- 
The b s i c  t a sk  of Phase 111 vas t o  subdivide l n t o  research t a sks  t h e  des i rab le  
research objectives fop hypersonic flight deten5xzr .  i n  Phase I, ax6 t o  yefine 
arlu evzluate thrcugh p::rametric s tud ies  thase  z t t r z3 , ive  fzc’1.itie.s re ta ined frcr? 
Phase I. 
This i s  Volme III, Dart 1 of t h e  o-reraJ.1 HYFK Reprt, Ynich is  organized as 
follows : 
Volume I 
Volume I1 
Volune I11 
V-lume I\I 
Volme 1‘ 
Volume V I  
Summary 
Phase I Preliminary Studies 
Part  1 - Research Requirements and ;round 
F a c i l i t y  Synthesis 
Part  2 - Flight  Vehicle Syntk-:sis I h n f i d e n t l a l )  
Phase I1 Parametric Studies 
Part  1 - Resezrch Iiequireme_?”;s snd Ground 
F a c i l i t y  Synthesis 
Part  2 - Flight  Vehicle Syntinesis (Confidential)  
Phase I11 - Final  Studies 
Par t  1 - Flight  Research F a c i l i t i e s  (Confidentlal)  
Part 2 - Ground Research F a c i l i t i e s  
Part  3 - Research Requirements h a l y s i s  and 
F a c i l i t y  Potent id 
Lj-mited Riahts Data (Confidential)  
Operational System Character is t ics  (Secret)  
CR 114325 
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This work w a s  Ferfomed by an ki rcraf2  Advance? Engineering study team u i t h  
Charles J. P i r r e l l o  as Stu6y I-imager. 
The fol louinq contributed s ign i f i can t ly  t o  tlie coctents of t h i s  voliglr : 
P. ezysz Geputy study f.lani?gttr 
R. Crook Flov Fac i l i t y  res ign Spec ia l i s t  
x. Suaning:lun TIon-Flow Fac i l i t y  Design Spec ia l i s t  
IT. € a i G & ?  Grouiid S a c i l i t r  Costs Analyst 
C. Ei lgzr tk  Growha Fac i l i t y  Casts 2:StiItF;Lx- 
2. S d n e s  Fac i l i t y  Systems h e r s t  
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME I l l  PART I 
Airbrea tdng  kypersonic aircraf-t employing l i 2u id  hy3rogen fue l  have t h e  poten- 
t i a l  of sa t i s fy ing  a number of mission requirements i n  thc- 1980-2000 t i m e  perioa.  
However, major advances i n  the  technological s t a t e  gf t he  &t are necessary before 
such a i r c r a f t  can be considered e i t h e r  i'essible o r  p rac t i ca l .  The object ive OP 
Contract NAS 2-5458 w a s  t o  assess t h e  research and de-lopment. requirement.; f o r  
hypersonic a i rc raf t  and based on these  requirements, provide t h e  NASA with char- 
a c t e r i s t i x  of a number of des i rab le  hypersonic research f a c i l i t i e s .  The study is 
organized i n  three  phases. Phase I was a nreliminary analysis  of a broad group of 
concepts which were reduced t o  seven f l i g h t  research f a c i l i t i e s  and eleven ground 
research f a c i l i t i e s  f o r  Phase I1 stuay. 
perametric s tud ies  . t o  r e f ine  t h e  f a c i l i t y  designs and obtain s e n s i t i v i t y  information 
i n  t he  neighborhood of "near optimun" designs, and t o  se l ec t  those f a c i l i t i e s  t h a t  
appear most a t t r a c t i v e  i n  t h e  sense of research po ten t i a l  vs cos t  f o r  fu r the r  ye- 
finement i n  Phase 111. 
require  cn ts  analysis  and t h e  synthesis  of t h e  ground research f a c i l i t i e s .  
s i g n i f i  ant r e s u l t s  obtained are: 
The purpose of Phase I1 w a s  t c  perfor :  
This p a r t  of TJolume 111 presents  the results of t h e  research 
Tne 
1. 
2. 
3. 
4. 
5. 
6. 
7 .  
Research i n  a-ercdynamics throughout t h e  f l i g h t  rezime; advanced a i r b r e a t h k g  
propulsion systems and reusable thermal prct.ection systems is  valved high. 
Gasdynamic f a c i l i t i e s  basPd on ex is t ing  eqaipnent performvlce levels can provic?e 
a slgrlif icant increase ir? zeroQnamic resezrch capabi l i ty .  
Near f u l l  sca le  Reynolds number can ke achieved i n  ghs dynamic f a c i l i t i e s  over 8 
s igni f icant  port ion of t he  f l i g h t  mvelope f o r  tne p a t e n k i d  ogzra-llonai kypersunl: 
a i r c r a f t  ; including t h e  hypersonic c ru ise  2ort ion.  Maintaining near fvl l  sca le  
Reynolds numbers at the  l i m i t s  of m a x i m x u  expected dynamic pressures does i x u r  
addi t ional  costs.  
A ra t iona le  t o  es tab l i sh  wind t u n n i l  s i z e  versus Reynolds number capabi l i ty  w a s  
es-Lablished besed on an analysis  of model s t rength,  balanca load capabi l i ty ,  and 
model i n l e t  s i z e  reqsirenents.  
An experimentd research phiiosophy w a s  postulated For var5ous engine categories  
t o  provide a Sasis f o r  meaningfa1 engine research f a c i l l t y  concepts. 
search Dhi1osc.Db.y determined the  s i z e ,  performance, and costs  OF t h e  engine re-  
search f a c i l i r  i e s  . 
"kis re- 
Research engine f a c i l i t i e s  based on ex is t ing  equipment performance l e v e l s  car, 
p rwide  f l i g h t  dupl-icated i n l e t  conidit ions ug t o  near ly  Mach nmber  s i x  f o r  f u l l  
sca le  turbomachinery and ramjet engines. Free j e t  research associated with 
f l i g h t  Explicated conditions f o r  W l - s c a l e  inSet/engine combinations over a 
wide rmge of anglas of a t t ack  and yaw presents a severe challenge t o  harclware 
p e r f o m a x e  l e v e l s ,  fabr ica t ion  technology, and acceptable cost  l eve ls .  
For advanced ramjet engtnes, scramjets a id  convert ible  scramjet engines, engine 
research f a c i l i t i e s  were based or: s ing le  engine modules of those cha rac t e r i s t i c  
of t he  poten t ia l  opei-ational hypersonic a i r c r a f t .  Smaller complete engines , 
such as the  HRE ramjet o r  s l i g h t l y  la rger  engines, could be f r ee  j e t  t e s t e d  
und21i- f l i gh t  Chplicated conditions.  
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8. Present nozzle coqling l imi ta t ions  f o r  non-impulse, isentropic  expsnsioil f ac i l -  
i",ic:: r e s t y i c t  t he  compietely duplicated f l i g h t  c o n d i t i o x  which csn be pro- 
vided t o  Mach numbers near t e n  at the highest  dynamic pressures f o r  t h e  poten- 
t ia l  operational hypersonic a i r c r a f t ,  and near Mach twelve a t  t h e  lowest dynamic 
pressures. 
9. The enthalpy sources f o r  t h e  advanced ramjet f a c i l i t i e s  can be used with axi- 
symmetric p a r a l l e l  flow nozzles t o  provide a s igni f icant  incrc;,.?nt i n  thermo- 
dynamic and s t ruc tu ra l  research capabi l i ty .  
YtrJctures research f a c i l i t i - s  based on ex is t ing  hardwa-e can provide a sig- 
n i f ican t  increment i n  tes t  a r t i c l e  s i z e ,  up t o  and including the  e n t i r e  poten- 
t i a l  operational hypersonic a i r c ra f t  airframe i-f necessary. The s i z e  and com- 
p lex i ty  of the  candidate s t ruc tu ra l  research f a c i l i t y  f a r  exceeds current 
f z c i l i t i e s .  
10. 
11. The extensive co l lec t ion  of hardware and support systems f o r  t h e  s t r u c t u r a l  
r e s e a x h  f a c i l i t y  can be e f f ec t ive ly  u t i l i z e d  f o r  smallzr s c d e  research i n  
many d i f fe ren t  r e l z t ed  s t r u c t u r a l  technical  areas. Ocisting f a c i l i t i e s  can 
be adapted t o  accmpl ish  t h e  research assoclated with f lu id /s t ruc tu-a1  dynamic 
in te rac t ions  associated wlth largo horizontal  tankage configurations,  normal-ly 
required f o r  low densi ty  cryogenic fuels. 
12. Materials reseerch f a c i l i t i e s  a re  based on ex is t ing  hardware, providing a 
concept 01' a ceritralized laboratory avai lable  t o  trmslate specimen property 
da t a  i n t o  viable  s t r u c t u r a l  concepts f o r  po ten t i a l  operat ional  hypersonic 
sr;i.ci.sft. 
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LIST OF SYYBOLS 
%.?nb cl Cef i n i t i o n  
accelerat ion 
A area 
AR aspect r ai. 1 o 
angle of a t tack ,  r a t i o  of ving  spa^ to vehicle  length a 
0 r i i t io  of m e a n  aerodynamic chord t o  vehicle length,  
s ide  s l i p  
b ving span 
cD 
C 
DO 
drag coeff ic ient  
zero l i f t  drag Coefficient 
C cross s e c t i m a l  area of wind tunnel  t e a t  sectlor,  
- 
C mean aerodynanic chcrd 
ving root  chord 
cT ving t i p  chord 
balance nomal  force load capacity divided by balance 
dieneter  squared 
l i f t  coeff ic ient  L c 
l i f t  curve slope C 
C 
La 
lift curve slope at zero lift 
pi tching moment 
r a t i o  cf spec i f i c  hea ts ,  f l i g h t  path angle Y 
d diameter, balance diamet-er 
D drag 
def lec t  ion 
A increment betveen two  values 
Symbol 
L I D  
n 
1.f 
i 
"2 
q-fi  
9.F. 
P 
Q 
0 
P 
(J, Fs 
S 
S /R 
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LIST OF SYXE3L7 (Cont) 
Definit ion 
l i f t  t o  drag r a t i o  
m a s s  
Mach number, bending moment 
m a s s  flow 
f l i g h t  path normal load f a c t c r  
i n l e t  k ine t i c  energy eff ic iency 
normal force 
i n l e t  height-to-width r a t i o  
nitrogen t e t rox j  <e 
molecular ox,rcen 
oxidizer t o  fue l  weight flow r a t i o  
pressure 
f ie1 equivalence r a t i o ,  r a t i o  of ac tua l  fuel flow t o  
stoichiometric fuel flow 
a g l e  between shock attachmelit point and cowl l i p  
Wnamic pressure 
spec i f i c  gas constant 
mean radius of t h e  ea r th  6,371,;OQ Q 
universal  gas constant (8.31432 joulesIOK mol) 
Xeyiiolda numbzr 
density 
s t r e s s  
area 
dimensionless entropy 
Symbol 
c. 
T 
Tr 
*W 
V 
Vol 
v 
W 
Z 
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LIST OF SYMBOLS 
Definition 
time 
tempezature 
recovery temperature 
w a l l  temperature 
velocity 
volume 
weight f l o w  
weight 
heading angle, yaw angle 
geo~etr i c altitude 
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LIST OF SYhIBOLS (Cont) 
SUBSCRIPTS 
Propuls ion S t  at  ion Des i gnat ions 
0 f ree  stream 
C capture,  a fixed reference a rea  on vehicle  
cowl cowl l i F  
2 engine face 
3 engine e x i t  
e nozzle e x i t  
t nozzle th roa t  
General 
aero 
C 
cent 
D 
E 
e 
e f f  
f 
F 
i 
m 
G 
I 
M 
a t t r ibu tab le  t o  aerodynamic 
chamber conditions,  crlrise 
a t t r i bu tab le  t o  cent r i fuga l  
drag 
enipty 
engine e x i t  
e f fec t ive  
f i n a l  
f r o n t a l  
i n i t i a l  
free stream 
forces 
forces  
associs ted with grav i ty  forces ,  gross 
i dea l  
maneuvering 
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LIST OF ::YIIIROL:: ( con t )  
max 
min 
:d 
0 
pro? 
S 
t 
TO 
T J  
SJ 
t 
t e s t  
w e t  
vac 
X 
Y 
Z 
maximum 
minimum 
net  
isentropic  reservoir  conditions,  evaluated at  zero l i f t  
a t t r i b u t i b l e  t o  propulsion system 
associated with pressure forces  , planform 
wing root 
s t ruc tz ra l  
vehizle,  model stagnation 
t o t a l  conditions corresponding t o  isentropic  case 
takeoff  
a t t r i bu tab le  t o  turboje t  propulsion system 
a t t r ibu tab le  t o  scramjet propulsion system 
ving t i p  
associated v i t h  t e s t  t i m e  
ve t ted  
sssociated vi-ch vacnc: L: -:%itions 
longi tudinal  d i i - ~ ;  .-t. 7 - i . ~  
l a t e r a l  d i rec t ion  
v e r t i c a l  d i rec t ion  
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LIST OF AElEREVIAlIONS 
Abbreviation 
ARC 
A 
A-h 
AB 
AID 
A l t  
AM 
Aero 50 
bP 
Btu 
OC 
c.g. 
c.p. 
cm 
1 
CSJ 
db 
D/A 
d i  am 
FRC 
f t  
fps 
GE 
De f i n i t  ion 
Ames Research Center 
ampere 
Ampere-hour 
all boey 
analog t o  d i g i t a l  conversion 
a l t i t u d e  
amFlitude niodulat ion 
Aerozine 50, a 50150 mixture J f  WXH and Yydrazine 
boi l ing  point 
B r i t i s h  thermal un i t  
degrees Ceiscius (centigrade 
center  of gravi ty  
ccz te r  of pressure 
centimeters 
convertible scrarn.j e t  
decibel 
d i g i t a l  t o  aralog conversion 
di m e t e r  
engine 
degrees Fahrenheit 
Fl lght  Research Center 
f ee t  
f ee t  per second 
General E lec t r i c  Co. 
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kbb r e v i  a t  i on 
h r  
Hz 
HF 
HTO 
EY FAC 
ILS 
in .  
i n s t  
1RF'X.I 
J 
JP 
OK 
kg 
L 
l b  
L02 
2 LY 
lbm 
m i  
m 
mi  n 
:4CAIR 
XDAC (EAST) 
LIST OF ABBREVIATIOB (Cont 
Definition 
hour 
he r t z  
high frequency 
horizontal  takeoff 
Hype rs oni c Res ear ch Fac i 1 it i es 
instrument landinc system 
inch 
i n s t a l l e d  
inh ib i t ed  red fuminf: n i t r i c  acid 
,i oule 
j e t  crogulsion fue l  
degrees L:elvi.i (zbsoiut,. ! 
k i lwram 
l i q L i d  
Founds, force 
l i qu id  oxygen 
l i q u i d  hydrogen 
pounds, mass 
m i l e  
meter 
m a x i m u m  
minimum 
McDonmil Aircraf t  Company 
McDonnell Douglas Astronautics Company (EAST) 
- Abbrevi at ion 
mi 
N 
No. 
OWE 
psi  
FFRT 
P&WA 
OR 
RLD 
RDT&E 
_. RF 
RJ '  
RKT 
s ,  sec 
SJ 
smi 
TF 
TIT 
TJ 
TMC 
TRJ 
Tow 
UARL 
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LIST OF ABBREVIATIONS (Cont ) 
Definit ion 
naut ica l  mile 
newtons 
number 
ogerational weight empty 
pounds per  square inch 
Pxl iminary  Fl ight  Rating Test 
P r a t t  & Wtiitney Aircraf t  
degrees Rankine (absolute)  
research and development 
research, development, test . ,  and evalu.ation 
radio frequency 
ram.iet 
rocket 
rocket propellent 
seconds 
scramjet 
s t a t u t e  m i l e  
turbolfan 
turbine i n l e t  temperature 
turboje t  
The Marquard Corporation 
turboramjet 
takeoff gross w z i g n t  
United Aircraf t  Research Laboratory 
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- STST OF A33Z?I'I.ITIO::S (Cant 
D e  fir, i ti ~II --- 
unsymetr ica l  dinethyl  hyerazine 
iiLtra high frequeccy 
u i n s t a l l e d  
ver t  i c a l  t &e o f f 
vc It 
vinsed SoQ 
vithout 
veight 
vat t 
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This vcll:ze of the  fir,& re so r t  presents t h e  results of Phase II of t h e  E.yper- 
sonic 3esesrch F a c i l i t i e s  (5iVFAC) Stu5y. The g r i m y  3bjcctives cf t h e  IiYFAC Stuciy 
are t o  assess t h e  research a?Z develoksent requirenents f o r  hypersonic a l r c r a f t  and, 
based on thes? requireze!its, t o  provide t h e  X S A  with descr ipt lons of a nuzber of 
desira5le  hypersonic research f a c i l i t i e s  and estimtes of t h e i r  research capzb i l i t i e s  , 
c e r f o m c e ,  costs , and development schedules. Tfie research f a c i l i t i e s  s tudied in- 
clude both f l i g h t  research a i r c r z f t  znd grouna t e - t  f a c i l i t l e s .  
To ticzonplish these object ives ,  a three-phase analysis  o r o p - c ,  i l l u s t r a t e d  i n  
Figure 1-1, was condwted Sy tne Mcknn~11  Aircraft Company. In  Phzse I, 3 broad 
range cf f l i g h t  and gromci research f a c 2 l i t i e s  were s tudied.  3-e Eost a t t r a c t i v e  
of these w e r e  re tz ined f o r  refinement i n  P h s e  11. 
I1 a c t i v i t i e s  vere: (1) ideo t i f i ca t ion  snd evaluetion cf research t a sks ,  (2)  par- 
vcet r ic  trade-off s tud ies  of each f a c i l i t y ,  ( 3 )  
a d  cos+: o f  eack f a c i l i t y  and se lec t ion  of t h e  m G s t  cr . tractive oces f o r  fu r the r  re- 
f i n e r t n t  during ? h s e  111. 
The najor  elemmts of  t he  2 a s e  
evaluation of t h e  research value 
Ea& of t h e  Reseax!: CIbjectives iden t i f i ed  i n  Phase T- vas divided i n t o  Research 
Tasks. In so  doing, a =ore spec i f i c  2ssesszent w a s  mc% of t n e  types and combinations 
of f z c i l i t i e s  (both ex i s t ing  zr.d Rex) requlred t o  a c c o q l i s h  t h e  nece s ~ r y  research 
on the operational syskezs identifier2 ir, Pnasse I and described. ir, Volme VI. 
The research contribution of P Z C ~  f a c i l i t y  var ies  with t h e  c lass  of ooera t ion t l  
s;:stern. %e capabi l i ty  of  each f a c i l i t y  t o  accomplish the  research 2s viewed as i t s  
p o j e c t e d  a b i l i t y  t o  provide suff ic ier ; t  confidence i n  t h e  technolog3 5ase on vhich 
decisron makers can i n i t i a t e  zn operat ional  system progran. In other words, t h e  
g o d  of  accomplishing the  research is the  k i t i a t i m  of a program leading t o  ac- 
q e s i t i o n ,  r a the r  than scquisit2c.n o f  t h e  f i n a l  system i t s e l f .  
i n  order t o  s e l e z t  the b e s t  f a c i l i t i e s  fo r  f u r t h e r  refinement i n  Phase I11 it 
w a s  necessary.to perfora  a number of paraze t r ic  trade-off s tud ies  t o  iden t i fy  t h e  
f a c i l i t i e s  withir, each c lass  which w e r e  %ear-optimum" ir ,  consideration of t h e  fa- 
c i l i t y  research capabi l i ty  and Frograz cost .  Thus f o r  each f a c i l i t y  re ta ined  from 
Phase i a corresponding "nezr-optimum" f a c f l i t y  w a s  designed and i t s  cos t  determined 
i n  Phase 11. 
3 i t h  the  charac te r i s t ics  of each "near-optimm" f a c i l i t y  determined, d i r e c t  
comparisons could be aade among f l i g h t  f a c i l i t i e s  and similarly anong ground f a c i l -  
i t i e s .  
l ec t ion  of the  most a t t r a c t i v e  f a c i l i t i e s  f o r  fu r the r  refinement i n  Phase 111. 
These comparisons znd subsequer i evaluation and screening resu l ted  i n  se- 
The r e s u l t s  of these parametric ti*ade s tud ie s ,  t he  cclmparative evaluations and 
screeriing, and the  recommended f a c i l i t i e s  far -Phase I11 refinement are presented i n  
t h i s  report .  
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A T P  
Phase I 
Rrsurch Objectives Analyses 
Facility RliM’ray Analyses 
Cmpntive Evaluation 
Select Attractive Facilities 
NASA A p ~ m n l  
Dnft Final 
Phase II 
Kksardr Task Analyses 
Facilities Pamlrbics 
CcepnWe Evaluation 
Select Ranisin1 Facilities 
NASA Approval 
Draft Final Rcpart 
Task Valw @WifiahM 
Ground Facility Design 
FliCt Concept &si@ 
Final Enlutim 
FiMl Rcpoct 
Phase 111 
h f l  fid 
FIGURE 1-1 
PROGRAM MILESTONE SCHEDULE 
1 
1969 
S - 
d 
4 
b 
4 
4 
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4 
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J 
I 
REPORT MDC ADO13 2 OCTOBER 1970 
VOLUME 111 0 PART I 
2. F U S E  I1 ANALYSIS - PARAMETRIC STUDIES 
k i n g  ? h e x  I a broad group of  f l i g h t  and xround research facilities 
w a s  studied. The most ax t rac t ive  of thzse  facilities w e r e  re ta ined  for Phase II 
parametric study and refhement  . 
The concepts s tudied &Xing Phsse I ani! Phase I1 are i l l u s t r a t e d  i n  
Figure 2-1 f o r  t he  F l igh t  Vehicles end Figure 2-2 for t h e  Ground F a c i l i t i e s .  
In  Phase I, 35 f l i g h t  vehicles  and 54 ground f a c i l i t i e s  w e r e  studied. 
I screening r e su l t ed  in 7 ?l ight  vehicles  acd 11 di f f e ren t  ground faci l i t ies  being 
retained f o r  study in Phase 11. 
The Phase 
The f l i g h t  research vehlcles  re ta ined  f o r  Phase I1 study are summarized 
i n  Figure 2-3. 
using vxrious propulsion system concepts. 
They include concepts with maximwn speeds of I-! = 6 through bf = 12,  
The gromd research faci l i t ies  r e t a h e d  for  Phase I1 atudjr are summarized 
i n  F igwe  2-4. 
(GD), engine test facilities (E)  
The major emphasis i n  Phase I1 was di rec ted  toward wind t m e l s  
stnrctures ( S ) ,  and materials (MI f a c i l i t i e s .  
FIGURE 2-1 
PHASE II BASIS - FLIGHT VEHICLES 
Pbse !I 
I i  calcepts I 
bled Unrmmed 
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FIGURE 2-2 
PHASE II GROUND RESEARCH FACILITIES 
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Avionics 2 I I o  I Radiation 
8284 
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Air 
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. -  
I I I 54 Facilities i I 11 Facilities 
FIGURE 2-3 
PHASE II FLIGHT RESEARCri VEHICLES 
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FIGURE 2-4 
PHASE II GROUND RESEARCH FACILITIES 
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2.1 OEJECTIVES 
The objective of Phase I1 w a s  t o  continue and r e f ine  the  f a c i l i t y  s tud ies  
of Fnase I. Specif ic  areas  of emphasis included: (1) Iden t i f i ca t ion  of t h e  
necessary research associated with operat ional  hypersonic a i r c r a f t  , (2  ) 
of nethods of  accomplishing t h i s  research, and (3) 
cost  of  proposed new ground o r  f l i g h t  f a c i l i t i e s .  
evaluation 
analysis  of t h e  capabi l i ty  and 
The major Phase I1 task  involved p a r m e t r i c  refinement s tud ies  of the 
a t t r a c t i v e  f a c i l i t i e s  re ta ined  from Phase I. These s tudies  w e r e  conducted t o  
determine the  performance, research capabi l i ty ,  and costs  of each f a c i l i t y ,  as a 
function of se lec ted  pa rme te r s  , such as  Mach number , tes t  time , o r  s ize .  
The spec i f ic  purpose w a s  t o  s e l e c t  f a c i l i t i e s  which were "near-optimum" i n  t h e  
sense of providing maximum research capabi l i ty  per do l l a r  cos t .  
s tudies  fu r the r  provided s e n s i t i v i t y  informatio-i i n  t h e  neighborhood of t h e  
"near-optimuam" designs. 
These parametric 
2.2 GROUND fiuLES 
General study ground rules applied t c  all phases of t h i s  study are l i s t e d  
below. 
presented i n  t h e  appropriate sect ions of t h e  r epor t ) .  
(Other ground rules which applied t o  spec i f i c  segnents of t he  study are 
A l l  cost  estimates are reported i n  January, 1970 do l l a r s .  
The assumed state of the art i s  commensurate with i n i t i a t i o n  of f a c i l i t y  
development during t h e  t i m e  per iod from 1970 t o  1975. Wherever f eas ib l e ,  
proven technology ( o r  technology expected t o  be proven bg Lhe start da te )  
w a s  u t i l i zed .  
p rac t i ces ,  requir ing minimum improvements i n  the  s t a t e  G f  t h e  a r t ,  were 
followed. 
Where such design w a s  not f eas ib l e ,  conservEtive overdesign 
Close coordination i s  assumed between t h e  NASA and t h e  contractors  who are  
bui lding f a c i l i t i e s  o r  a i r c r a f t ,  thus  minimizing t h e  need f o r  extensive 
documentation m d  q u d i t y  assurance programs. 
Ai rcraf t  construction is  assumed t o  conform t o  experimental shop procedures. 
The development costs  f o r  f l i g h t  research vehicles  include a l l  necessary 
engine and aviouics rlevelopment costs .  
It i s  assumed t h a t  engines need not be developed t o  tk.e r e l i a b i l i t y  normally 
required f o r  operat ional  (non-research) use. 
The primary f l i g h t  s a fe ty  c r i t e r i o n  i s  t h a t  no s ing le  component malfunction 
s h a l l  cause a catastrophic  s i t ua t ion .  
Reliable rocket o r  a i rbreathing engine performance consis tent  with t h a t  
required f o r  JP-fueled , single-engine a i r c r a f t  i s  required during take-off 
and climb t o  25,000 f t  (7630m). 
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Rebind cpnduct 
Phase I Trade 
Facilities Studies 
Design 
Capability 7 Fli$tt 
cost 11 Ground 
( i )  Where applicable,  t he  vehicle landing cha rac t e r i s t i c s  are suitable f o r  
unpowered landing by a s k i l l e d  p i l o t .  Alequate fuel reserves are pro- 
vided t o  compensate f o r  uncer ta in t ies  i n  engine SFC, f o r  meteorological 
and operat ional  dispersions i n  fuel consumption, and f o r  powered emergency 
operations. 
Edwards Air Force Base  i s  considered as t h e  primary operat ional  f i e l d  f o r  
f l i g h t  research vehicles.  
( 5 )  
Select Best 
Cmbinatim of 
(k) It is assumed t h a t  m a x i m u m  use w i l l  be madc of ex i s t ing  or  planned track- 
ing  and communicationr: f a c i l i t i e s .  
Paranebs for 
(i) The U.S. Stmdard Atmosphere - 1962 i s  used throughout t h e  s t ~ d y .  
2 .3  JJPROACH 
The Phase I1 study approach i s  i l l u s t r a t e d  i n  Figure 2-5. Parametric 
refinement s tudies  are followed by comparisons, evaluations and screening, with 
t h e  most a t t r a c t i v e  f a c i l i t i e s  being retained f o r  Phase I11 refinement. 
The results of t h e  parametric s tud ies  are presented i n  Section 4 f o r  t h e  
f l i g h t  research vehicles  and Section 6 f o r  t h e  groilnd research f a c i l i t i e s .  
results of %he comparisons and evaluations,  along with conclusions and recornended 
f a c i l i t i e s  f o r  Phase I11 refinement, are presented i n  Section 5 f o r  t h e  f l i g h t  
research vehicles and Section 7 for  the  ground research f a c i l i t i e s .  
The 
FIGURE 2-5 
PHASE I I  STUDY PROCESS 
[Rcfirrmnt] 
Element 1 
I 
make I 
Facility I 
I 
I 
C o w i s m  
(Page 2-6 i s  B l a n k )  
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3. HYPERSONIC RESEARCE REQUIREMENTS ANIj FACILITY RESEARCH VALUES 
The fundamental ;rurpose of t h e  research requirements analysis  is  t o  es tab l i sh  
the i n t r i n s i c  valne of hypersonic research. Toward t h i s  end, a comprehensive l i s t  
of 102 Research Objectives w a s  es tabl ished i n  Phase I of this study. 
theory technique, u t i l i z i n g  inputs mm 66 NASA, USAF, and industry technica l  spe- 
c i a l i s t s ,  w a s -  used t o  es tab l i sh  t h e  r e l a t i v e  i n t r i n s i c  value of these  05 j ec t ives  . 
In  Phase 11, these Research Objectives were subdivided i n t o  258 d i s t i n c t  Research 
Tasks t o  al lc:  more de ta i led  analysis of hypersonic research requirements. 
A decision 
An addi t ional  Phase I1 function was t h e  determination of t h e  capabi l i ty  of t he  
candidate ground f a c i l i t i e s  and f l i g h t  vehicles  t o  f u l f i l l  t h e  research requirements. 
The measure of t h i s  capabi l i ty  i s  t h e  f a c i l i t y  research value,  defined as t h e  rela- 
t i v e  contribution of t h e  research f a c i l i t y  t o  providing confidence i n  t h e  technology 
base. 
i t ies .  
f igurat ion improvements, i den t i f i ed  as "near-optimum" systems. 
these improved configurations w e r e  used to s e l e c t  t he  b e s t  f a c i l i t i e s  fo r  fur ther  
refinement during Phase 111. 
Research values presented i n  t h i s  sec t ion  r e l a t e  t o  study l lbaselinetl  f a c i l -  
Tradeoff ana lys i s ,  described i n  Section 4, r e su l t ed  i n  f l  igh t  vehicle  con- 
Research values fo r  
A review of the h'YFAC study object ives  m.ly be  i n  order a t  t h i s  po in t .  It m i g h t  
be asked what t h i s  study can contribute t o  providing guidance on t h e  hypersonic re- 
search f a c i i i t i e s  which should be procured. Before t h i s  question can be  answered, 
however, it must be ascer ta ined what research is require& i n  order  t o  be ready for  
the  future.  
systems has been defined. The bas ic  c r i t e r i o n  used i n  e s t ab l i s i i ng  i n t r i n s i c  values 
of the  Research Objectives and Research Tasks w a s  t h a t  accomplishment of the  defined 
tasks would r e s u l t  i n  high confidence i n  a decision t o  proceed w i t h  t h e  development 
of a pa r t i cu la r  operat ional  system. This confidence t o  proceed i s  believed t o  be 
the  overwhelming benef i t  of a d isc ip l ined  research program. In  t h i s  day of  program 
terminations due t o  excessive cost  overruns, t h e  cos t / r i sk  implications of pruceed- 
ing d i r ec t ly  t o  an operational system without a well-planned research program should 
be considered. I t  is w e l l  known t h a t  t he  f'urther technology i s  extrapolated,  t he  
more technological r i s k  i s  involved i n  any development program. 
t h a t  development cost  escalat ion is  an exponential  fhnction of technological r i s k .  
C o s t  overruns of ten  reach 500 percent o r  more i f  a program primarily involving in- 
novation i s  attempted. Technclcgical r i s k s  and cos t  overruns of such magnitude 
ind ica te  t h e  d e s i r a b i l i t y  of buZldinR f a c i l i t i e s  f o r  conductiw research p r i o r  t o  
the i n i t i a t i o n  of an acquis i t ion  program. 
I n  t h i s  study, research which appl ies  t o  nine po ten t i a l  operat ianal  
Studies have shown 
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3.1 PHASE I1 RESEARCH OBJECTIVES 
A p r i n c i p d  element, :u-d t h e  i n i t i a l  t a sk ,  i n  t he  establishment of research re- 
The comprehensive qcirements iwo lved  iden t i f i ca t ion  of v d i d  Research Objectives. 
l i s t  of 1C2 Research Objectives i n i t i a l l y  es tabl ished i n  Phase I was reduced t o  a 
l i s t  of 82 object ives ,  presented i n  t h e  Xypersonic Research F a c i l i t i e s  Phase I Report 
(Volume 11). This reduced l is% excluded the  object lves  t h a t  involved e i the r  (1) 
design options,  pa r t i cu la r ly  option21 propulsion systems, o r  (2 )  research which over- 
lapped or  was redundant with research included within other  objectives . 
A t  t h e  beginning of Phase 11, t h e  l i s t  of Research Objectives was fur tber  stream- 
l i r e d  by combining a few of the  low-valued objectives and eliminating objectives 
which review revealed t o  be inappropriate.  
The Phase I1 l i s t  of 78 Research Objectives, considered t o  be the  f i n a l  l i s t  f o r  
t h i s  study, i s  presented i n  Figure 3-1. Al l  of t h e  o r ig ina l  102 object ives  are in- 
cluded i n  the l i s t .  
Applicabili ty c r' each Research Objective t o  po ten t i a l  operat ional  systems is also 
indicated.  Pr inc ipa l  charac te r i s t ics  of these operat ional  systems are summarized 
Those delet.ed are iden t i f i ed  along with the  reason f o r  delet ion.  
below. 
Code -
L 1  
L;! 
L3 
L4 
C 1  
c2 
M1 
M2 
M3 
System Type 
Reusable Launch 
Reusable Launch 
Reus able Launch 
Reusable Launch 
Hypersonic h.ansport 
Hypersonic Transport 
Advanced Manned 
In te rcept  or  
S t ra teg ic  S t r ike  
Hypersonic Interceptor  
Mach No. 
5 t o  7 
8 t o  10 
12 
10 
6 
10 
4.5 
12 
8 t o  12 
Propulsion 
Turb or am j e t  
Turbojet + Convertible 
Scramjet 
Rocket 
Rocket + Scramjet 
Turboramjet 
Turbojet + Convertible 
Scramjet 
Turb oram j e t  
Rocket + Scramjet 
Rocket + Scramjet 
Another per t inent  element of information concerning Research Gojectives is t h e  
in te r re la t ionship  of t he  objectives.  The HYFAC study team iden t i f i ed  the  major in- 
puts and outputs f o r  each Research Objective and these re la t ionships  a re  presented 
i n  Figure 3-2. These inputs  and outputs include other  ob jec t ives ,  ard a l s o  fac tors  
external  t o  the  research requirements analysis, such as inputs from de f in i t i on  of a 
pa r t i cu la r  operat ional  vehicle  or  from f l i g h t  t e s t i n g ,  and outputs 'Impacting d i r e c t l y  
on design decisions o r  d i r ec t ly  r e l a t i n g  t o  t h e  f e a s i b i l i t y  of pa r t i cu la r  design 
concepts. 
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FIGURE 3-1 
1. 
2. 
3. 
4. 
5 .  
6. 
7 .  
* 8. 
* 
PHASE II RESEARCH 
Description 
CONFIGUfiATION DEVELOPMENT 
Deternine low speed (takeoff and landing) 
aerodynamic charac te r i s t ics  of hy-per- 
sonic a i r c r a f t .  
Determine subsonic and transorlic aero- 
dynamic cha rac t e r i s t i c s  of hlPereonic 
a i r c r a f t .  
Determine supersonic and hypersonic 
aerodynamic cha rac t e r i s t i c s  of hyper- 
sonic a i r c r a f t .  
Provide new or  update present t e s t i n g  
techniques f o r  aerodynamic research 
f a c i l i t i e s  so Reynolds number, shock 
wave, and boundary layer dependent 
phenomena can be cor rec t ly  simulated 
using subscale m o d e l s .  
Define the  design c r i t e r i a  and 
systems requirements fo r  acceptable 
handling q u a l i t i e s  f o r  hypersonic 
a i r c r a f t .  
Evaluate design techniques f o r  obtaining 
favorable aerodynamic interference 
e f f ec t s  through surface o r  i n l e t  
posi t ioning . 
Evaluate design techniques of using the  
a i r c r a f t  body f o r  engine exhaust expan- 
s ion,  thereby provi?'.ng ad2i t ional  lift, 
and determine t h e  e f f e c t  of propulsive 
gas flow in te rac t ions ,  such as rocket 
exhaust plumes, on the  ae rodyr ,dc  char-' 
e c t e r i s t i c s  of hypersonic aircraft. 
Evaluate design techniques t o  improve low 
speed, takeoff ,  and landing character- 
i s t i c s  f o r  hypersonic a i r c r a f t  ( i . e . ,  me 
of var iab le  geometry, auxi l ia ry  l i f ' t  
devices , or  propulsiire lift augmentation) 
and techniques t o  reduce transonic drag. 
Deleted Objective 
1BJECTlVES 
Applicable Operational 
Systems 
L1 L2 L3 L4 
A l l  
A l l  
A l l  
A l l  
A l l  
A l l  
U'. 
Deleted 
Now a t a s k  of 
object ive 1 
overlap 1 
5 c2 *1 M2 M3 
REPORT MDC ~0013 2 OCTOBER 1970 
VOLUME 1 1 1  e PART I 
FIGURE 3-1 (CONTINUED: 
9.  
10. 
11. 
12. 
i? 13. 
1 4 - 
15 
16. 
PHASE II RESEARCH - Description 
Invest igate  the  e f f ec t  on hypersonic 
a i r c r a f t  s t a b i l i t y  and ccz t ro l  of 
var iable  i n l e t  and nozzle geometry, 
bypass airflows, propulsion mode 
changes, and aerothermoelastic 
e f f ec t s .  
Develop design princil;les fo r  s tage 
integrat ion which provide reduced drag 
ckarac te r i s t ics  and other aerodynamic 
improvements throughout t he  speed 
range for two-stage hypersonic launch 
vehicles. 
Determine separation techniques f o r  two 
stage hypersonic vehicles which w i l l  
provide pos i t ive  separation and 
con t ro l l ab i l i t y .  
Improve fmdamental knowledge of hyper- 
sonic bour,dary layer  behavior i n  t h e  
presence of adverse pressure gradients  
and shock in te rac t ions .  
Invest igate  unsteefi3 control  surface 
hinge mments due to  boundary layer and 
shock wave in te rac t ion .  
Develop correlat ion t .- aniques l o r  che 
predict ion of buf fe t  onset f o r  l o w  aspect 
r a t i o  configurations,  involving longi- 
tud ina l  (body) bending motions as w e l l  
as wing bending responses. 
Evaluate configuration shaping t achniques 
and f l i g h t  path varifhtion f o r  a l l ev ia t ing  
sonic boom in tens i ty ,  and study Tear and 
far f i e l d  noise l e v e l s .  
Develop co?-rela’;ion methods f o r  the 
predict ion of hest  t r ans fe r  .and d r q  
for  turbulent  boundwy layers  with 
pressure gradients and three-dimensioaal 
flows f o r  windward flows. 
Deleted ob3 ec t  ive 
BJ ECTIVES 
Applicable Operat imal 
‘1 
i L 1  
I 
I 
3.1 
L2 
J 
J 
L3 
J 
J 
Deleted 
(Overlap 1 
11 
11 
11 
L1; 
rl 
J 
t ems 
c2 
Now a t 
object i 
M1 M2 M3 
k of 
s 1 2  & 19 
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17. 
10. 
19. 
20. 
21. 
22. 
23 
24. 
25 
h s c r i 7 t i o n  
FIGURE 3-1 (CONTINUED) 
PHASE II RESEARCH OBJECTIVES 
Cetermine correlat ions fo r  Yae pre- 
dictson of boundary layer t r ans i t i on .  
Invest igate  the  use of s t r a t e g i c a l l y  
located reaction control  jets C J n  
hypersonic a i r c r a f t  t o  reduce -;he 
aerodynamic control  surface defiec- 
t i o n  and silrfac-e heating. 
D e t e d n e  the  e f fec t iversss  of various 
types of control surfaces end t h e i r  
locations for providing su f f i c i en t  con- 
t r o l  throughout t he  e n t i r e  ? l igh t  
spectrum, and improve meth-ds of pre- 
dicting aerodynamic heating f o r  
deflected control  jurfaces.  
Determine the  o v e r a l l v e h l c l e  thennc- 
mamic ch&-acteristics i n  hypersonic 
f l i gh t .  
Extend the  knowledge of aerothermodynamic 
prediction techniques et hy-pcrsonic 
ve loc i t ies  providing means of r e l a t i n g  
e i the r  a r d y t i c a l  o r  wind tunnel results 
accurately t o  r e a l  f l igh t  conditicns.  
Invest igate  shaping of aerodynamic sur- 
faces t o  reduce skin temperatures, and 
the  e f f ec t s  of protuberazes  and surface 
i r r e g u l a r i t i e s  on hypersonic a i r c r a f t  
drag and aercdynamic heating . 
Determine the  e f f ec t s  of t r ansp i r a t ive  
or  ablat ive processes 09 skin f r i c t i o n  
and k~.’; t ransfer .  
Determine the  e f f ec t s  of embedded shock, 
vor t ices ,  separation, and rea t tachhzi t  
on skin f r i c t i o n  end heE5 i r a n s f e r  for 
leeeide flow. 
Determine the  aerodynamic heating effect1 
produced by flow through gaps r e su l t i ng  
frcm adjaceut a i r c r a f t  surfaces ,  aEd 
rapld changes in w e r a t i o n a l  a l t i t ude .  
Deleted 0b:estive 
Apglicable Operational 
Systems 
L1 L2 L3 L4 
All 
A l l  
A l l  
Deleted 
( overIan ) 
Row a task of 
object ive 20 
J l l  
J J  
All 
All 
J J  
5 c2 
J 
M2 M3 
J J  
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27 - 
28. 
a9. 
?n - 
31. 
32. 
* 
Description 
FIGURE 3-1 (CONTINUED) 
PHASE I I  RESEARCH OBJECTIVES 
Determinz changes i n  heat transfer 
which reduce rad ia t ion  cooling effi- 
ciency due t o  vehicle  geometric in te r -  
actions (view f a c t o r s ) .  
Develop methods for predict ing heat 
t r ans fe r  due t o  rad ia t ion  and/or g a s  
impingement f r o m  engine exhaust. 
sTRum.Es m MATERIALS 
Develop e f f i z i e n t  reusable thermal 
protect ion systems f o r  cryogenic fuels 
and oxidizer  tankage. System consid- 
erat ions should include ins -da t ion ,  
vapor barrier, purge techniques, i n s t a l -  
l a t i o n  and inspection methods, chemicd 
c m p a t i b i l i t y  temperature cycling, 
ana l i f e  t i m e .  
Develop s h e l l  theory for non-circular 
s h e l l s  with a d e w  t o  p r a c t i c a l  fuselage 
end tank s t ruc tu res  t o  more prec ise ly  
pred ic t  stress l eve l s  associated with 
cmbined mechanical-+,hermal loads end 
t h e i r  impact on useful. iife. 
Evolve more e f f i c i e n t  concepts f o r  fuse- 
lege .and tank s t ruc tu res  f o r  both c i r -  
cular  and non-circular aps3.ications. 
qevelop heat sh ie ld  technology for 
reuszzble heat sh i e ld  systems. System 
considerations should include heat 
shield f lu t . t e r ,  sonic and mechanical 
fa t igue ,  erosion, and c h d c a l  react ions 
with air stream and at taching s t ruc ture .  
Develop e f f i c i e n t  reusable leading edge 
concepts and i d e n t i e  proraising cancepts 
for spec i f i c  mster ia ls  i n  r e l a t i o n  t o  the 
f l i g h t  regime. 
k l d e d  fib jective 
Applicable mera t iona l  
system 1 
5 L2 
All  
A l l  
J J  
L3 L4 
J J  
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(apexlap 1 
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of Objective 31 
All 
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PHASE II RESEARCH 
Description 
Develop control surface technology, 
including thermal protection require- 
ments, methods of attachment, sealing, 
methods of actuation, and thermal cycling 
Develop iong l i f e  regeneratively cooled 
s t ruc tu ra l  concepts for  application i n  
5 g h  heat flux areas such as  leadiag 
edges and propulsion systems. 
Provide a s t ruc ture  which maintains 
aerodynamic srnootbess under ac tua l  
operational conditions and use. 
Cefine the  e f r ec t s  of combined mecha- 
i c a l  loading and thermal s t r e s s  cy- 
c l ing  under ac tua l  environmental con- 
d i t ions  on t he  l i fe  of t h e  s t r u c t u r a l  
components. 
Determine t h e  e f f ec t s  of separaticjn 
forces on the  s t ruc tu ra l  dynamic char- 
a c t e r i s t i c s  of the  vehicles. 
Determine the  e f f ec t s  of f u e l  slosh OE 
t he  dynamics and i n e r t i a  loads of low 
aspect r a t i o  hypersonic a i r c r a f t  with 
la rge  volume f u e l  tankage. 
- 
_ _  
Determine t h e  parameters of cor re la t ion  
for  t he  analysis  of the  e f f ec t s  of near 
f ie ld  noise 03 minimum gauge struc+-xt'es, 
composite s t ruc tures ,  and non-metaEics. 
De-. .lop non-destructive t e s t  and inspec- 
t i o n  methods f o r  sandwich s t ruc ture ,  
composite materials, diffusion bonded 
materials, and coatings. 
Develop a capabi l i ty  t o  accurately 
estimate component and s t r u c t u r a l  mass 
f rac t ions  f o r  a l l  t y re s  of hypersonic 
a i r c r a f t  designs. 
Verify t h e  in t eg r i ty  of the  s t r u c t u r a l  
and thermal-structural  systems through 
Aill-scale camponent t e s t ing .  
Deleted Obj ect  ive 
BJECTlVES 
Applicable Operat ionel 
L1 L.2 L3 Q+ 
All  
All 
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PHASE II RESEARCI 
Description 
Develc? -5- 3 ~ r n t a l  protect ion 
s y s t a s  for *,he p r i v w y  s t ruc ture .  
Define the  mechanical a 2  physical 
propert ies  of advanced ma t t r i s l s  t h a t  
have po ten t i a l  application is -3yper- 
sonic a i rc raf : .  P r i m e  candidates are: 
metal matrix cmpos i t e s ,  high temp- 
era ture  t i t a n i u m ,  superalloys , and 
re f rac tor ies .  
Improve f a b r i c a t i m  -;;Pr.'miques f o r  
advanced materials and complex s t ruc-  
tures. These inclua?: velding, d i f -  
Fusion bonding, and brazing of  metals; 
composite forming; fabr ica t ion  of 
sandwich s t ruc ture  ; and fabr ica t ion  
of non-metsllics. 
ilevelcp high temperature bearings , 
l u k i c a n t s  , closure sea l s ,  tires, wiEc3- 
sh ie lds ,  and radomes. 
Develop protecti-  3 coatings for metals 
and non-metal s t o  provide res i s tance  t o  
corrosion, erosion, oxidation and w e a r  
and t o  enhance emittence and radar 
absorption, %r long term exposures t o  
t h e  Q-personic environment. 
PROPUIS ION --
Develop i n l e t  configurations of e i the r  
fixed- a r  variabie-geometry t h a t  y i e ld  
high t o t a l  pressure recovery, l o w  weight 
and drag, good s t a b i l i t y ,  and m i c i m u m  
d i s to r t ion  over t he  range of desired 
f l i g h t  conditions and engine operating 
modes, and enable the  engine t o  achieve 
t h e  desired spec i f ic  impulse and thrust, 
through improved techniques fo r  pre- 
d i c t ing  cowl, spi l l ,  addi t ive,  bleeB 
and bypass drag cha rac t e r l s t i c s  and 
impoved i n l e t  off-design gerformance- 
Deleted Obj ect  ive 
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PHASE II RESEARCH 
Description 
Evaluate e f fec ts  of i n l e t  i n s t a l l a t i o n  
within tho vehicle sressure f ie ld  on 
i n l e t  performance and on i n l e t  drag. 
The e f f ec t  of boundary layer ingestion 
on i n l e t  performance must be determined 
and techniiues t o  ccnt ro l  and remove 
boundary lwer m u s t  be developed. 
hraluate var iable  capture a rea  inlet 
designs required fo r  operation across 
t h e  range of desired f l i g h t  conditions 
of speed and a t t i t ude  (angle of a t tack) .  
Evaluate real gas e f f ec t s  on inlet and 
nozzle performance. 
Develop engine design concepts amenable 
t o  cooling by various techniques (re- 
generation, ablat ion,  rad ia t ion ,  tran- 
sp i r a t ion ) .  
Develop engine component technology 
(burners,  turbines ,  heat exchangers , 
cont ro ls )  su i t ab le  f o r  cryogenic fuels. 
Develop a d w c e d  engine coqonents  having 
l i g h t  weight with perhaps shortened 
lifetime. 
Invest igate  methods fo r  reducing engine 
noise during takeoff and landing. 
Study combustion problems of ramjets 
when operated for th rus t  augmentation at 
transonic or low supersonic f l i g h t  apeeds 
Develop and i n t eg ra t e  engine components 
i n t o  a complete large-scale turboramjet 
sys tern. Demonstrate compatibil i ty 
and overa l l  performnce throughout en 
applicable f l igh t  envelope. 
Deleted Obj ec t  ive 
BJECTIVES 
Applicable Operational 
4 L2 L3 L4 
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PHASE II RESEARCH 
Description - 
Perform suf f ic ien t  cycle a ra lys i s ,  ccm- 
ponent tes t ing ,  and mission a n a l y s i s  t o  
se lec t  the  best  multi-mde cycle and s i ze  
engine fo r  applicEtion t o  a specif ic  
hypersonic mission a i r c ra f t .  
C-velop and integrate  engine components 
i n t o  a complete k g e - s c a l e  ramjet 
system. Demonstrate compatibility 
and overal l  performance throughout an 
applicable f l ight envelope. 
Develop and in tegra te  engine components 
i n t o  a complete subscale cot-ertible 
scramjet module. Demonstrate compat- 
i b i l i t y  and overa l l  performance through- 
out an applicable flight envelope. 
Develop and integrate engine components 
i n t o  a complete subscale scramjet 
m o d u l e .  Demonstreke compatibility 
and overa l l  performance throughwc an 
applicable f l i g h t  envelope. 
Cemonstrate rocket-powered engine oper- 
a t ion i n  a horizontal  takeoff a i r c ra f t .  
Develop i n l e t  controls for hypersonic 
aircraft  which a re  simple, r e l i ab le ,  
accurate.. and have rapid responee. 
Evaluate s u i t a b i l i t y  of auxiliary 
turbojets  for  landing of hypersonic 
vehicles. 
Determine nozzle configurations t o  pro- 
duce high net  tbyt while meintaining 
e f f i c i en t  integrat ion with the  airfkame. 
3J ECTNES 
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L2 L3 L4 
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PHASE II RESEARCH 
Description 
Evaluate var iable  nozzle geometry 
requirements f o r  operation across a wide 
speed range, and mechanical concepts t o  
produce it. 
Determine i n l e t  /engine compatibil i ty 
c r i t e r i a  (both steady-state and time- 
varying) of high-total-pressure-recovery , 
wide Mach range i n l e t s .  
SUBSYETPIS 
Develop operational systems a d  pro- 
cedures fo r  t he  thermal conditioning, 
storage,  and safe  handiing of cryogenic 
propel lants  which are compatible with 
typ ica l  a i r f i e l d  requirements. 
Develop ana ly t ica l  cor re la t ion  techniques 
through empirical evaluation t o  permit 
the determinatioa of t h e  f l u i d  dynamic 
and thermodynamic cha rac t e r i s t i c s  of 
cryogenic p r o p e l l a t s  i n  la rge  horizontal  
tankage i n  a v ibra t ing ,  sloshing, pres- 
surized environment. 
Develop regenerative cryogenic heat ex- 
changers , thermodynamic cor re la t ions  , and 
cont.ro1 systems f o r  s t r u c t u r a l  and engine 
cooling which a re  comfatible with rep- 
resenta t ive  vehicle  heat loads and mater- 
i a l  ti e ra tu re  limits. 
Improve f u e l  performance of  new or 
ex is t icg  hydrocar'bon fue l s  through in- 
crease i n  (1) t h e m a l  s t a b i l i t y  and/or 
u t i l i z a t i o n  of vaporizing ard endothemic 
fdels,  (2 )  f u e l  density and energy con- 
t en t .  
Deletod 0bje:tive 
IBJECTIVES 
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PHASE II RESEARCH 
Description 
Determine f u e l  system design requirements 
imposed by t h e  use of thermally stable 
and endothermic fuels i n  high temperature 
a i r c r a f t  environment, including such 
areas as contamination limits, i n e r t  
pressurizat ion,  and ground support 
systems. 
Advance t h e  t e c h o i o g y  of cryogenic fuel 
system components i n  t h e  areas of reduced 
weight and increased reliabil i ty.  Par- 
tic-alar areas requir ing advancement 
include l i q u i d  hydrogen s t a t i c  and 
dynamic sea l ing  and ro t a t ing  machinery 
operating i n  cryogenic environment. 
Determine rap id  cryogenic servicing 
techniques necessary t o  achieve required 
react ion and turcareund times for m i l i -  
tary and commercial vehicles.  
Develop viable a i r c r a f t  P.iel tankage 
concepts ( in t eg ra l  and non-integral 
t a n k s  , sub-cooled and sa tura ted  f u e l ) ,  
and develop cryogenically fueied in te -  
grated a i r c r a f t  fie1 system operation 
and control  techr;iq?ias t o  account f o r  
propel lant  u t i X z a t i o n ,  management, 
and pressurizat ion reqairements during 
both ground and f l i g h t  environments. 
Determine capabi l i ty  of f l u s h  recessed 
antennas required fo r  hypersonic f l i g h t  
t o  supply pa t te rns  compatible with ccm- 
munication, navigation, and e lec t ronic  
warfare functions. 
Determi& Plush o r  recessed antenna 
design techniques necessary t o  allow 
operation i n  the  elevated hypersonic 
temperature environment. 
Invest  i g  at e s t abi  1 i t y  augment at ion  
systems capable of control  i n  t h e  
hypersonic region, and recovery from 
pilot-induced osc i l l a t ions .  
Deleted Ob j ec t ive 
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PHASE il RESEARCH 
Description 
Determine a i r  data measurement t-ech- 
niques applicable t o  the  hypersonic 
environment such as f ixed o r i f i c e  pressur  
measurements and laser densitometers. 
Develop actuat ion techniques and hardware 
t o  provide control  surface motion over 
t h e  range of environment encountered i n  
the  hypersonic . f l i g h t  regime. This 
includes development of high temperature 
hydraulic and pneumatic dr ive systems 
and components. 
Develop high temperature acLuator sys- 
tems f o r  engine inlet  and nozzle adjust-  
ment. 
Develop auxi l ia ry  power u n i t s  f o r  rocket ,  
scram, and ramjet powered a i r c r a f t  
including necessary emergency power 
equipment i n  case of primary un i t  
failure. 
Develop environmental cont ro l  system 
u t i l i z i n g  l i q u i d  cryogens as t h e  heat 
s ink,  based on allowable i n t e r n a l  w a l l  
temperatures f o r  crew and passenger 
comfort and effect iveness .  
Develop environmental control  systems 
for  Mach 4 t o  6 hydrocarboa fueled 
vehicles ,  based on allowable i n t e r n a l  
wall temperatures f o r  crew and pas- 
senger comfort and effect iveness .  
Develop launch techniques f o r  AAM and 
ASM weapons i n  hypersonic f l i g h t .  
Invest igate  methods of heat shielding 
missile launchers, doors, and i n t e r n a l  
s t ruc tu re  i n  hypersonic environment. 
Deleted Objective 
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PHASE I I  RESEARCH 
Description 
OPERATION 
Evaluate various methods of terminal 
qqroach ,  l a d i o g ,  ground operetions , 
and takeoff a i r c r a f t ,  and determine 
the  design penalty associated w i t h  
operat ional  requirements. 
Study hazards inherent i n  t h e  use of 
cryogenic fuels, on grourzd and i n  f l i g h t ,  
during both normal and abnormal operation 
Invest igate  man-machine compatibil i ty as 
r e l a t ed  t o  t h e  control  and navigation 
of  a bypersonic vehicle  a t  both high and 
low Mach llum3ers. 
Establ ish optimum landing techniques f o r  
a hypersonic vehicle.  
Develop ef fec t ive  communication tech- 
niqiies fo r  safe  f l i g h t  planning. 
Invest igate  various ascent t r a j e c t o r i e s  
t o  assess  the  to l e rab le  axial and nonaal 
"g" loads. 
Invest igate  e f f e c t s  of vehicle 
dynamics on crew performance cap- 
a b i l i t y  and passenger comfort i n  
hypersonic flight. 
Develop akor t  and crew escape systems 
and prcicedures f o r  hypersonic air- 
c r a f t .  
Determine t h e  d f e c t s  of bank angle, yaw, 
angle of a t tack ,  flow f i e l d  benef i t ,  
turbulence,  and v e i a t i o n s  i n  atmos- 
pheric conditions on boost,  c ru ise ,  and 
descent performance for hypersonic air- 
c r a f t .  
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PHASE II RESEARC 
Description 
Define and demonstrate t he  capabi l i ty  
t o  s t ay  within specif ied operational 
maygins t o  not exceed a i r c r a f t  placards 
(i .e. , duct pressure,  temperature, 
s t a b i l i t y ,  dynamic pressure,  and load 
f ac to r  l i m i t s ) .  
Devhop leak  detect ion methods f o r  
cryogenic propel lant  tanks . 
Invest igate  concepts f o r  providing an 
atmosphere of motion and secu r i ty  f o r  
passengers i n  a windowless a t r c r a f t  . 
Invest igate  short  takeoff  -% xhniques 
using forced ro ta t ion ,  including 
gimballed rocket and canara tech- 
nfques. 
Develop p r a c t i c a l  ground hold methods 
f o r  cryogenic systems leading t o  quick 
response times and high operatildnal 
readiness.  
Develog spec i f ica t ions  f o r  adequate 
A i r  Traf f ic  Control procedures and 
gromd based navigation systems. 
Develop inspection and repa i r  tech- 
niques f o r  h3rpersonic vehicle  s t ruc-  
tures. 
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INTERRELATIONSHIP OF RESEARCH OBJECTIVES 
Kdationships  Other Than Research Objectives: 
VD = Input fron Definit ion of Vehicle Geon. , Frop. , Type, Mission, e t c .  
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INTERRELATIONSHIP OF RESEARCH OBJCCTiVES 
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3.2 RESEARCH OBJECTIVE IXTRITJSIC VALUES 
;he i n t r i n s i c  values of t he  Research Objectives, defined as the  r e l e t i v e  
fundameptal value of each okject ive as it relates t o  a po ten t i a l  operational system, 
are presented i n  Figures 3-3 through 3-11. 
one operational system t o  another, because a d i f fe ren t  combir.ation of object ives  
corresponds t n  each system. 
i n t r i n s i c  values , u t i l i z i n g  inputs  from 66 NASA, USAF, and indtistry spec ia l i s t s ,  
was described i n  t h e  Phase I report  (Volume II!. 
Objectives at t h e  begianing of Phase I1 resu l ted  i n  s l i g h t  changes i n  most of t h e  
sues. The .;dues w e r e  updated by re -process ix  t h e  bas ic  inputs  from t h e  66 
sFec ia l i s t s  t o  account f o r  t h e  revised combination of object ives  -applicable t o  each 
operational system. 
are consiuei-ed t o  be t h e  f i n a l  values f o r  t h e  stady. 
me value of each object ive var ies  from 
'he decision theory process used t o  determine the  
Iievision of t h e  l i s t  of Research 
The i n t r i n s i c  values presented i n  t h e  following nine f'igwes 
One must be carefu l  t o  ;.,void placing undue s ignif icance on t h e  ac tua l  values 
aeteraik4 f o r  each of these cbjective;. The purgose of t h i s  evaluation i s  t o  
de te r r ine  a placement of t h e  e n t i r e  set of cb jec t ives  a?plying t o  a pa r t i cu la r  
po ten t ia l  operat ional  system along a predeternined scale of values. 
value of an object ive so determined ocly has mehning when considered i n  r e l a t i o n  t o  
those of t h e  other  o?sectives ic the l is t .  
t i f y  research areas - . which there  are s ign i f i can t  differences i n  importance. Such 
areas are indicated by l a rge  numeric variances i n  research value. 
The i n t r i n s i c  
The in t en t  of t he  process w a s  t o  iden- 
3.3 IDENTLFICATIOM 3F RESFARCH TASKS 
The pr inc ipa l  1:hase I1 t a s k  under the heading of  Research RequireEent-s w a s  
de f in i t i on  of t h e  per t inent  Pesearch Tasks under each Research Objective. These 
t a sks  a r e  intended t o  def ine the  spec i f ic  research e f h r t  required t o  f u l f i l l  t he  
object ive.  Primary ground rules f o r  t he  del ineat ion o f  RPcearch Tssks included: 
(a )  The sum of  the t a sks  wider Research Qbjective e s seu t i a l iy  comprises all 
research e f f o r t  defined by t h a t  objective.  
(b) Each Research Task i s  intended t o  be comparable i n  technica l  scope (within 
object ives  as w e l l  as across t h e  board f o r  all objectives!, representing a judge- 
ment of t h e  level of research required t o  satis* the  pa r t f cu la r  Research Objective. 
?his goal f o r  uniformity i n  the  contznt of t h e  various t a sks  was achieved only i n  
a f a i r l y  rough sense. 
The Research !Casks were defined by MCAIR tectnology s p e c i a l i s t s  i n  aerociynamics , 
thermodynaniics , s t ruc tures  and materials , propulsion, subsystems , and operztions . 
A l l  t a sks  cere  coordinated by study skpervision t o  assure consistency of expression 
and, hope2-dlv. c l a r i t y  of i n t en t .  
3-12 i n  
Ob  j ect5-b . 
The 258 Research Tasks a r e  presented i n  Figure 
: " i k h  4 l r e c t l y  es tzb l i shes  t h e i r  relevance to the  78 Ressarch 
. -r L:. ..L' delinea+.ed with t h e  nine po ten t i a l  operat ional  systems 
i n  m . zc . - :;a noted t h a t  t h i s  dops not preclude appl icat ion of 
2loc.t .- 2 . . I  many other  systems, -uch as space t ransFortat ion 
sysv.:. . . . , . . I  - ..'- * ~ - e  ,cr> systems, and various missile systems. 
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The p r inc ipa l  reason f o r  defining t h e  Research Tasks i s  t o  allow a pzecise 
evaluation of t h e  research capab i l i t i e s  of t he  candidate ground f a c i l i t i e s  and 
f l i g h t  vehicles.  
3.5. 
A de t a i l ed  descr ipt ion of t h i s  evaluation i s  presented i n  Section 
3.h RESEARCH TASK INTRINSIC VALUES 
Phase I1 e f f o r t  i n  the  research requirements area involved del ineat ing several  
Research Tasks under each Research Objective, previously described In  Section 3.3, 
and establ isheing t h e  r e l a t i v e  research value of these  tasks ,  discussed i n  t h i s  
section. A decision theory approach w a s  u t i l i z e d  i n  Phase I t o  e s t ab l i sh  i n t r i n s i c  
values f o r  each Research Objective. 
3.2. I n t r i n s i c  valu2s were detemined f o r  each Research Task during Phase 11. 
Research Task in t r in s iL  values,  similar t o  the  Research Objective i n t r i n s i c  values, 
determine the  ranking of t h e  tasks  by research contribution. 
t h e  Resezrch Tasks are determined as described below. The process used insures 
t h a t  t h e  i n t r i n s i c  value re la t ionship  among object ives  i s  ca r r i ed  over t o  t h e  tasks  
included under t h e  object ives .  
';2lese i n t r i n s i c  values are presented i n  Section 
I n t r i n s i c  values f o r  
3.4.1 
i n  es tab l i sh ing  Research Task i n t r i n s i c  values. 
RESEARCH TASK EVALUATION MFICKODOMGY - Two funflamen- 2 ,ements are involved 
F i r s t ,  an inportance value i s  
determined f o r  each t a sk ,  indicat ing the  r e l a t i v e  importance of a t a sk  i n  f u l f i l l i n g  
i t s  iiesearch Objective. 
the  Research Objective i n t r i n s i c  values t o  obtain i n t r i n s i c  values f o r  t h e  Research 
Tasks. 
Secondly, these t a sk  importance valnes are m l t i p l i e d  by 
Importance values between 0 and 1 are assigned t o  the  Research Tasks, indica- 
t i n g  the  relative importance of t h e  t a sks  t o  one another i n  contr ibut ing toward 
the  fulf i l lment  of t h e i r  object ivrs .  These importance values take i n t o  account: 
(1) t h e  iaportance of a given t a sk  r e l a t i v e  t o  %he other  t a sks  l i s t e d  under i t s  
Resesrch Objective and (2 )  
co l lec t ive ly ,  contr ibute  t o  i t s  fu l f i l lment ,  i n  r e l a t i o n  t o  t h e  extent  t h e  t a sks  
under other object ives  contr ibute  t o  the  fu l f i l lment  of those object ives .  
t he  extent  t o  which tne  tasks  under one object ive,  taken 
The second element i n  t h e  Research Task evaluation process, t he  computing of 
t h e  t a s k  i n t r i n s i c  values,  i s  accomplished by multiplying t h e  Resemch Task impor- 
tance values fr?r eacn t s s k  by the  object ive i n t r i n s i c  values f o r  t h e  Research 
Objective under vLich t h e  t a sk  i s  l i s t e d .  
t o  which the  t a sk  contr ibutes  i s  incorporated i n  t h e  t a sk  i n t r i n s i c  value. 
I n  t h i s  way t h e  value of t he  object ive 
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PHASE II RESEARCH TASKS 
AERODYNAMICS 
RO 1 - Determine l o w  speed (takeoff and landing) aerodynamic cha rac t e r i s t i c s  of 
hypersonic a i r c r a f t .  
RT 1.1 - Invest igate  methods of providing low speed s t a b i l i t y  and cont ro l  
f o r  hypersonic configurations.  
RT 1.2 - Invest igate  var ioas  methods of improving takeoff and landing char- 
a c t e r i s t i c s  such as var iab le  geometry, auxi l ia ry  lift devices,  and 
propulsive lift augmentation. 
RT 1.3 - Invest igate  max imum usable angle of a t tack ,  p o w e r  off and on. as 
l imited by control  power, bu f fe t ,  wing drop, ground clearance,  or  
p i l o t  v i s i b i l i t y .  
RT 1 .4  - Invest igate  t r i m  capabi l i ty  at worst c . ~ .  loca t ion  on basic  aero- 
dynamic cha rac t e r i s t i c s  and on t h e  cor',rol power avai lable  from t n e  
trirmned condition. 
RT 1.5 - Evaluate relative ircportance of ground e f f ec t  f o r  t yp ica l  hypersonic 
configurations,  spec i f i ca l ly  t h e  impact on aux i l i a ry  devices. 
RT 1.6 - Invest igate  handling q u a l i t i e s  via computerized simulation. 
RO 2 - E r m i n e  subsonic and t raqsonic  aerodynamic cha rac t e r i s t i c s  of hypersonic 
a i r c r a f t .  
P'I 2.1 - Invest igate  methods of providing sLabi l i ty  and control  f o r  hyper- 
sonic configurations i n  t h e  high subsonic/transonic f l i g h t  mode. 
RT 2.2 - Canduct research i n t o  t ransonic  drag r i s e  associated with configu- 
r a t ion  r e l a t ed  phenomeca such as i n s t a l l e d  t h r u s t  minus drag, 
shock wave/boundary l aye r  in te rac t ion ,  and shaping f o r  high subsonic 
e f f ic iency  . 
RT 2.3 - Invest igate  subsonic and t ransonic  maximum usable angle of a t t ack  as 
l imited by buf fe t  onset ,  thrust margin, maxim-um lift, and longi- 
tud ina l  control  power. 
RT 2.4 - Invest igate  study subsoaic and t ransonic  f ly ing  q u a l i t i e s  as a f i n a l  
measure of t he  adequacy of t h e  design solut ions.  
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PHASE I I  RESEARCH TASKS 
RO 3 - getermine supersonic and hypersonic aerodynamic cha rac t e r i s t i c s  of hypersonic 
a i r c r a f t .  
RT 3.1 - Invest igate  aerodynamic methods of providing s t a b i l i t y  and cont ro l  
f o r  hypersonic configurations i n  t he  supersonic and hypersonic 
f l i g h t  regime. 
RT 3.2 - Invest igate  t h e  e f f ec t  of boundary layer  t r a n s i t i o n ,  separat ion,  and 
in t e rac t ion  with shock waves on attaining desired lift and drag and 
wave drag reduction f o r  ixqroved L/D. 
RT 3.3 - Invest igate  t h e  e f f e c t  of engine exhaust plumes on l i f t ,  drag, and 
longltudi-1 s t a b i l i t y  at supersonic and hypersonic Mach numbers. 
RO 4 - Provide new o r  update present t e s t i n g  techniques f o r  aeL-dynamic research 
f a c i l i t i e s  so Reynolds number, shock wave, and bound-ry layer  dependent 
phenomena can be cor rec t ly  simulated using subscale m d e l s .  
RT 4.1 - Invest igate  techniques t o  b e t t e r  approximatL the f r e e  f i i g h t  r e -  
covery temperature t o  sk in  temperature r a t i o s  f o r  ground tests. 
RT 4.2 - Develop techniques t o  allow determining more representet ive f r e e  
f l i g h t  aerodynamic data  from conventional wind tunnels .  Minimize 
extrapolat ion range and improve soundness of technicz l  base.  
RT 4 . 3  - Invest igate  re la t ionship  between boundary l aye r  thickness an& shock 
loca t ion  on t h e  l o c a l  f l o w  s t ruc tu re .  
RO 5 - Define th?  design c r i t e r i a  and systems requirements f o r  acceptable handling 
g u a l i t i e s  f o r  hypersonic a i r c r a f t .  
3T 5.1 - Define fundamental parameters and l eve l s  of acceptance of f ly ing  
qu-J i t ies  i n  longi tad ina l  and lateral  d i r ec t iona l  mode. 
RT 5.2 - Invest igate  cont ro l  systems response cha rac t e r i s t i c s  required t o  
provide acceptable f ly ing  q u a l i t i e s  f o r  a hypersonic a i r c r a f t .  
RT 5.3 - Invest igate  the  in t e rac t ion  between cont ro l  capabi l i ty ,  s t r u c t u r a l  
f l e x i b i l i t y ,  controls  system dynamics, and p i l o t  response as r e l a t ed  
t o  p i l o t  induced osc i l l a t ions .  
RO 6 - malua te  design technique. f o r  obtaining favorable aerodynamic interference 
e f f ec t s  through surface o r  i n l e t  posi t ioning.  
ET 6 .1  - Invest igate  the  f l i g h t  t ra jectory/mission F ro f i l e  t o  iden t i fy  those 
regions where reductions i n  i n s t a l l a t i o n  losses  provide meaningful 
ove ra l l  performance increments. 
RT 6.2 - Inves t iga te  i n l e t  and cont ro l  surface posi t ioning t o  obtain most 
RT 6.3 - Determine t h e  magnitude of t h e  force and monent decrement associcted 
favorable interference.  
with geometric changes. 
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PHASE I1 RESEARCH TASKS 
RT 6.4 - Evaluate t r i m  changes and associated p e n a b i e s  which accompany off-  
design operation. 
RO 7 - Evaluate dosiRn techniques of u s i w  t h e  a i r c r a f t  body f o r  engine exhaust 
expansion, thereby providing lift.. 
flow interact ions.  
RT 7.1 - Deternine simulation requirements (flow f i e l d  and exhaust flow) f o r  
Determine t h e  e f f ec t  of propulsive gas 
meaningful da ta  r e tu rn  from ground tes ts  of subscale m o d e l s .  
RT 7.2 - Invest igate  e f f ec t s  of afterbody contours (with engine operat ion)  
on aerodynamic cha rac t e r i s t i c s  over t h e  f l i g h t  Mach number range. 
RO 9 - Invest igate  the  e f f ec t s  of var iable  inlet  and nozzle Reonetry, bypass air- 
flow, propulsion mode changes , and aero themoelas t ic  e f f ec t s  on hypersonic 
a i r c r a f t  s t a b i l i t y  and aerodynamic forces.  
RT 9.1 - Delineate t h e  relevance snd spec i f i c  requirements associated with 
individual propulsion systems concepts over t h e i r  operating range. 
RT 9.2 - Invest igate  me thds  of extending current  ae roe la s t i c  t es t  techniques. 
RT S.3 - Invest igate  implications of a f l ex ib l e  a i r c r a f t  s t ruc ture  on t h e  
zb.ility tr: mrrinf.a,i_n stehflity epsir~d aercdyrpmic f r rce  G . f s -  
t r i bu t ion .  
RO 10  - Develop design pr inc ip les  f o r  stage in tegra t ion  which provide reduced drag 
charac te r i s t ics  and other aerodynamic improvzments throughout t h e  speed 
range f o r  two-stage hypersonic launch vehicles.  
RT 10.1 - Evaluate launch m o d e  s tage in tegra t ion  concepts including con- 
f igura t ion ,  performance, and s t r u c t u r a l  design requirements. 
RT 10.2 - Invest igate  t h e  aerothermodynamic e f f ec t s  and the  impact of t h e  
design concepts on f l i g h t  vehicle  performance. 
RO 11 - Determine separation techniques fo r  two-stageil -hypersonic vehicles  which 
w i l l  proviue F s i t i v e  separat ion and cont ro l  of individual  s tages .  
RT 11.1 - Ident i fy  a t t r a c t i v e  separation/vehicle concepts. 
RT 11.2 - Defice individual  vehicle  performance, control  cha rac t e r i s t i c s ,  
and the  e f f e c t s  of l o c a l  flow f i e l d  in te rac t ions  during sep- 
a ra t ion  with and without exhaust gas simulation u n t i l  t h e  s+,ages 
ere f r e e  of mutual interference.  
RT 11.3 - Invest igate  ac t ive ,  augmented, and passive control  techniques 
i n i t i a t e d  from the  second s tage cont ro l  system during separat ion.  
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PHASE II RESEARCH TASKS 
RT 11.4 - Evaluate t h e  e f f ec t  of t h e  pressure f i e l d s  created during separ- 
a t ion  cn t h e  s t ruc tu ra l  dynamic cha rac t e r i s t i c s  of both s tages .  
This t a s k  includes research in to  compatible measurenent and 
analysis  methods t o  obtain quant i ta t ive  data.  
30 12 - 1mpro-e fundamental knowledge o f  hypersonic boundary layer  behavior i n  the  
presence of adverse pressure gradients and shock in te rac t ions .  
RT 1 2 . 1  - Inves t iga te  t h e  e f f ec t  of recovery temperature t o  s-a-face temp- 
e ra ture  r a t i o  on shock-induced f l o v  separat ion tolerance at hyper- 
sonic Mach numbers. 
RT 12.2 - Invest igate  t h e  e f f ec t  of shock s t rength  and Reynolds number i n  
the presence of varying pressure gradients  on shock-induced flow 
separation tolerance which considers surface inc l ina t ion ,  surface 
cont inui ty ,  surface mass t r ans fe r ,  and boundary layer  growth 
(laminar and turbulent  1. 
RT 12.3 - Invest igate  unsteady control  surface hinge moments due t o  
boundary l aye r  and shock wave in te rac t ion .  
RO 14 - Develop cor re la t ion  techniques f o r  t h e  predict ion of buffet  onset f o r  low 
aspect r a t i o  configurations,  involving longi tudinal  (body) bending motions 
as wel l  as wing bending responses. 
RT 1 4 . 1  - Develop new techniques t o  r e l i a b l y  sca le  buf fe t  i n t ens i ty  
determined from wind tunnel models. 
RT 14.2 Correlate buffet  onset with geometric parameters such as aspect 
r a t i o ,  leading edge sweepback, and slenderness r a t i o .  
RT 14.3 - Evalcate t h e  e f f ec t  of a non-steady flow f i e l d  ccndition on buffet  
onset. 
RT 1 4 . 4  - Correlate wind tunnel  obtained buf fe t  onset and in t ens i ty  with a 
f l i g h t  vehicle  representat ive of an operat ional  hypersonic vehicle.  
R3 1; - Evaluate configuration shapinp; techniques and f l iRht  path var ia t ion  f o r  
a l l ev ia t ing  sonic boom in t ens i ty ,  and study near and far f i e l d  noise l eve l s .  
RT 15.1 - Invest igate  sonic boom signature cha rac t e r i s t i c s  and near 2nd far 
f i e l d  noise frequency/intensity spectrum which cons t i tu te  a n  
i r r i t a t i o n .  
RT 15.2 - Invest igate  t h e  f e a s i b i l i t y  of configuration shaping t o  mater ia l ly  
a f f ec t  t he  perceived sonic boom in tens i ty .  
RT 15.3 - Evaluate changes i n  perceived sonic boom in t ens i ty  and noise 
l eve l s  as produced by variation i n  f l i g h t  path. 
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RO 16 - 
R@ 17 - 
RO 18 - 
RO 19 - 
FIGURE 3-12 (CONTINUED) 
PHASE II RESEARCH TASKS - Develop cor re la t ion  methods fo r  t h e  predict ion of heat t r ans fe r  and f r i c t i c n  
-- cl-rafi fo r  turblilent boundary layers  with ?ressure gradient - and three-. 
dimensional flows f o r  windward flows. 
RT 16.1 - Perform experimental research on turbulent  boundary l aye r s  i n  9 
r e a l i s t i c  windwara f l e w  f i e l d .  This t a s k  provldes fo r  c o r r e l t '  ion  
with ana ly t ica l  tochniques , def in i t ion  of laminar sublayer extt- . . t ,  
end ve r i f i ca t ion  of app l i cab i l i t y  of Rep-l  ds  Analogy. 
RT 16.2 - ConCiuct research at equivalent f l i g h t  conditions t o  obtain 
ve r i f i ca t ion  of cor re la t ion  techniques. 
Deternine' cor re la t ions  f o r  the predict ion of hypersonic boundary 1-ajrer 
t r a m i t i o n .  
RT 17.i - Invest igate  t h e  mechanics of boundary l aye r  t r a n s i t i o n  as in t lu-  
encei! by Reyrolds number, Mach number, flow gradients ,  and noise. 
BT 17.2 - Invest igate  t h e  mechanisms of boundary l aye r  t r a n s i t i o n  which a-c 
affected by surface inc l ina t ion ,  surface roughness, and angle 
Qf at tack.  
Invest igate  t h e  use of s t r a t e g i c a l l y  located react ion control  J e t s  on hyper- 
sonic a i r c r a f t  t o  reduce t h e  aerodynamic control  surface def lec t ion  and 
surface heating. 
RT 18.1 - 
RT 18.2 - 
RT 18.3 .- 
Invest igate  and evaluate the  e f f ec t s  o f  defl,c.+,ion angle on 
l o c a l  control  surface temperatures as a function of reac t ion  j e t  
t h r u s t h i m e  h i s to ry  and je t  locat ion.  
Invest igate  reductions i n  control  deAect ion  (5. e. , surface temp- 
erature) as a function of reac t ion  je t  thrust/time h i s to ry  m d  
j et loca t  ion. 
Evaluate t h e  r e l a t i v e  payoff of react ion cont ro l  weight as com- 
pared t o  reductions i n  control  surface weight (thermal pro tec t ion) .  
Thir t a sk  includes considerations of flow f i e l d  in te rac t ion  
(pressure, heat t r a n s f e r )  and reduction of  jet e f f ic iency  as a 
function of external  flow. 
Detemine t h e  effect iveness  of various tyoes of cont ro l  surfaces  and t h e i r  
loca t ions  f o r  providing su f f i c i en t  control  throughout t h e  e n t i r e  f l i g h t  
spectrum, and improve methods of predict ing aerodynamic heating f o r  def lected 
cont ro l  surfaces.  
RT 19.1 - 
RT 19.2 - 
Invest igate  effect iveness  of various control  concepts such as 
wing t i p ,  t r a i l i n g  edge devices,  all movable surfaces ,  and canards 
throughout t he  f l i g h t  regime. 
Inves t iga te  l o c a l  cont ro l  surface temperature as a funct ion of 
def lec t ion  angle. 
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PKASE II RESEARCH TASKS 
-. THEMODYNAMICS 
RO 20 - E r r n i n e  the  overa l l  vehicle  thermodynamic character is%ics  i n  hypersonic 
flight,.  
dT 20.1 - Inves t iga te  t h e  heat t r ans fe r  d i s t r ibu t ion  f o r  cocfiguration 
concepts based on aerol",jiiiraic r e f  inenent of vehicle  shape/contou , 
vehicle  f l i g h t  a t t i t u d e ,  control  surfaces/react ion j e t s ,  and 
a u i t i p l e  vehicle  proximity. 
RT 20.2 - Study slid Fzbstant ia te  t he  ana ly t i ca l  modeling of generalized 
and' 1ocaj.ized flow f i e l d s  t o  provide correct ions and extrapolation 
of  model results i n  terms ?f fUl - sca l e  values. 
R 9  22 - Inves t iga te  shaping of aerodynamic surfaces t o  reduce skin temperatures, 
and t h e  e f f ec t s  of protuberances and surface i r r e g u l a r i t i e s  on hypersonic 
a i r c r a f t  drRg and aerodynamic heat in%. 
RT 22.1 - Ebaluate methods of achieving s igni f icant  reductions i n  skin 
temperature o r  increased surface temperature uniformity through 
spec i f ic  l o c a l  contouring. 
RT 22.2 - Invest igate  t h e  e f f e c t s  of  surface i r r e g u l a r i t i e s  on aerothermo- 
dynamic design an& performance. 
RT 22.3 - inves t iga te  impact of thermal optimization on aeradynunic per- 
RT 22.4 - Study a l t e rna t ive  mater ia l  se lec t ion  and thermal protect ion sys- 
formance var iables .  
tems. 
through shaping are marginsl. 
irregularities/rau&riess on aerodynamic heating. 
Specify t h e i r  requirements where temperature reductions 
Determine t h e  influence cf sirface 
RO 23 - Determine t h e  e f f ec t s  of t ranspi ra t ivo  o r  ab la t ive  processes on skin 
f r i c t i o n  and heat t r ans fe r .  
RT 23.1 - Invest igate  cnd describe t h e  mechanisms of mass t r a c s f e r  pecul iar  
t o  each process (ablat ion.  t r ansp i r a t ion )  and t h e  e f f ec t s  of 
these mechmisms on skin f r i c t i o n  and heat t r ans fe r .  
EIT 23.2 - Develop an anal j r t ical  model w h i h  character izes  t h e  surface phen- 
omena f o r  eack process. 
RT 23.3 - Experimentally veri* ana ly t i ca l  model. Refine t h e  model t o  
r e f l e c t  t h e  impact of ab]-ation and t r ansp i r a t ion  on sk in  f r i c t i o n  
&id heat t rans  fer. 
RT 23.4 - Invest igate  the  appl icat ion of these  techniques t o  time wlr iant  
conditions corresponding t o  t he  f l i g h t  p r o f i l e ,  evaluating the  
impact of ab la t ion  and t ranspi ra t ion  on overa l l  vehic le  per- 
formance. 
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PHASE II RESEAkCH TASKS 
RO 24 .- Dztermine the  e f f ec t s  of embedded shock, vor t icee ,  separation. and ri:- 
atta2hment on s k i n  fr;.ctiLn and heat t r ans fe r  foi. lees ide  flows. 
RT 24.1 - Invest igate  pheiiomena associated k'ith leevard flow i n  terms of 
separation b o n d a r i e s  and vortex formation so t h a t  adequate 
flow f i e l d  descr ipt ion may be obtained over t h e  Mach number/ 
a l t i t u d e  range. 
RT 24.2 - Invest igate  methods whFch w i l l  increase v a l i d i t y  of experlmental 
researcb on mixed boundary layer  flow. This t a s k  includes cor- 
r e l a t i o n  of vortex locat ion and s t rength,  de f in i t i on  of extent 
and s t rength of embedded shock waves, determination of zeparation 
R e p  ol.ds Analogy. 
' and reattachment c r i t e r i a ,  and ve r i f i ca t ion  of app l i cab i l i t y  of 
RO 25 - Determine t h e  aercdynamic heating e f f ec t s  produced by flow %hrough gaps 
resu l t ing  from adjacent a i r c r a f t  surf.zces, w-5 rapid chsnges i n  operat ional  
a l t  itv.de. 
RT 25.1 - 
BT 25.2 - 
RT 25.3 - 
RT 25.4 - 
Conduct generalized research i n t o  f 7  ow phenomena and character-  
i s t i c s  associated with gaps created by c lose ly  edjacent surface:. 
This task includes evaluation of t h e  e f f e c t s  of flow f i e i d  char- 
a c t e r i s t i c s  , pressure d i f f e r e n t i a l ,  and surface roughness. 
Correlate general:&zed research da ta  f o r  r ea l j . s t i c  control  s w f a c e  
aerodynamic a d  mechanical configuration w i t h  addi t ional  experi- 
mentation t o  determine change i n  l o c a l  heat t r ans fe r  rate, cont ro l  
effectiveness,  and hinge moment. 
Re-evaluate t h e  in te rac t ion  of a reac t ion  cont . _ a  '?t and a 
control  surface minimizing adverse e f f e c t s  of CL.' r o l  surface 
gaps * 
Study int-ract ion of s t ruc tu ra l  breathing during climb and 
descenb with i o c a l  pressure and heat t r ans fe r  conditions.  
t ?k includes considerations of basel ine t ranspi ra t ion  da ta ,  
s t ruc tu ra l  concept , f l i g h t  prof i le /gap growth, and fabr ica t ion  
tolerances and technique. 
This 
RO 26 - Determine changes i n  heat t r ans fe r  r?ile t o  reduced rad ia t ion  cooling effic- 
iency r e su l t i ng  from vehicle  geometric in te rac t ions  (view fac to r s ) .  
PT 26.1 - Improve two- and three-dimensionfl ana ly t i ca l  descriptioii  of -;iew 
fact.ors f o r  comTlex s t r u c t u r a l  dements .  
RT 26.2 - Evaluate skrvctural  concepts t o  deiermine influence of i n t e rna l  
s t ruc tu ra l  view fac tor  on equilibrium surface temperature. 
RT 26.3 - Evaluate configuration and engine concepts i n  terms of po ten t i a l  
increase9 loca l ized  surface temperature due t o  changes i n  view 
fac to r  caused -: adjacent or in te rsec t ing  surfaces ,  
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Iio 27 - Develop methods for  predict ing heat t r ens fe r  due t o  radiat ion or  pas 
ilcpingement from engice exhaust. 
RT 27.1 - Evaluate t h e  sever i ty  of increases i n  heat t r ans fe r  d-Je t o  exhaust 
gas interact ion.  This t a sk  includ?s adeqcate de f in i t i on  of  
exhaust flow f i e l d  and gaseous rad ia t ion ,  as 2-ell as appl icat ion 
of viev fac tor  and hypersocic bcnxxlary layer  data .  
RT 27.2 - Determine s in f i a t ion  requirements (exhaust flow and heat t r a n s f e r  
to .  external  surfacz) f o r  meaningm dc ta  returri from ground 
tests of subscale models. 
RT 27.3 - %pe;imentelly &evelo$ methods f o r  preC!Lcting heat trensfer in 
the engine exhaust a r e  and es t ab l i sk  s c a l i n g  l c w s .  
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STRUCTURES AND EXiERLUS 
RO 28 - Develop e f f i c i en t  reusable tankage thermal protect ion sys t em fcr cryogenic 
fuels and oxidizers.  
RT 28.1 - 
XT 28.2 - 
RT 28.3 - 
Evaluate y t e n t i a l  of candidate materlals systems ( tank s t ruc tu re ,  
insulat ion,  and va2or b a r r i e r )  i n  t h e i r  operatiug thermal er=;iron- 
ment. mis t a s k  includes consideration of chemical. compat ibi l i ty ,  
physical  Fropert ies ,  t h e m a l  perfomance, bocding and joining,  
axxi l i f e t i m e  and duty cycles. 
Assess f e a s i b i l i t y  cf comhini-ag a t t r e c t i v e  materials i n t c  them& 
I ro t ec t ion  concerts f o r  cryogenic t d a g e .  
considerations of bonding and : o i n i q  technique, tal penetrat ions,  
subsystems supports, the& cycling, and. equivalent panel con- 
duct i v i t y  . 
This t a s k  inzludes 
3evelop , fa>ric&ion, regalr 2nd non-destrcct I-Te evaluation (f.rDE) 
inspect ion techniques an2 demonstrate then  under s h u l a f , e d  
t h e w j r e c h a n i c &  coaciitiozs. 
30 30 - 5 c l v e  zore efficier?t  cc-ncepts fer fuselage and tank s t r ~ ~ t - z e ~  f o r  botk 
c i r c d e -  a n C  acr-zircular  gpp1icai;ions. 
9T 3.1 - St?* in tegre t iun  of taakage i n t a  prcnis ing aerathernodynasic 
shapes. 
E%r 30.2 - Develo? ana iy t i ca l  models to allov deternlnetior.  of efficieDt 
and p r a c t i c a l  tank s t ruc tu ra l  ccncepts. 
s i ae ra t iocs  of shell  theory,  tank su-rface,’volir,e r e t i o  , tazzk 
load carrying ari! s u p p r t  conceFt ( i n t e ; r d  vs nofi-ictegrd) , esd 
g e m e t r i c  scaling. 
.B.is f s s k  includes ron- 
IiT 30.3 - E q e r h e n t a l l y  verim adequacy CC ana ly t i ca l  nm5els to defire 
t d  structure .  
RC 32 - FeveloD ef f ic ien t  re-iz&le lepdinp: &Re  cznceots and i d e n t i e j  p ronis i rz  
concepts f o r  s p c i f i c  Eater ids  i n  r e l a t ion  t o  t t e  f l ip;ht  r e g h e .  
IiT 32.1 - Perforn basic  hi& tempeyature naterids Tesearch f o r  eppii-  
cation i n  =xidizlng environments. This t a s k  includes consiier-  
a t5czs  of s t rength et temperat-are, creep resistancelt irne +,c 
rupture,  oxfCation res is taxe,  and t enac i ty  of oxide fi lm. 
RT 32.2 - Invest igate  %pp l i c&i l i t y  of c o a l i q  concepts t o  extend k n s k  
mater ia l s  limits a d  preserve coating i n t e g r i t y  under r e a l i s t i c  
operating con3;tions. This t a s k  includes considerations af 
gxidat ioc protect ion coatings, i n su la t ive  crjatings for higher 
surface temperature operation, and emissi-rity control .  
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I?? 32.3 - Perform research integrat ion of a coated r;eteria;s system in to  
leading edge concepts considerip4 n a t e r i a l  c z z p a t i b i l i t p  w i t h  
insulat ion and zarryth-roughs , f e a s i b i l i t y  of  fabr ica t ion ,  
coating sequence i n  Izamfacturing process, a.nd j o i n a b i l i t y  for 
major s t ruc twal .  buildiip. 
RO 33 - Develop control  surfsce technology, incfudinp; therna l  z r r t e c t i c n  recuire-  
nents ,  methods of a t t a c h e c t ,  PealinR, nethods of actuat ion,  and t h e m a l  
cyclinq. -- 
ET 33.1 - In tegra te  aval laole  research results a d  defioe control  surface 
physical ami ecvironnenttiL bound--' ci- ies . 
RT 33.2 - Invesf igate  t h e  q p i i c a b l l i t y  of pr5naqj- s t r z c t w a l  t h e E d  
protect ion sys tem t o  control  surface design sad perforn 
s..i&itionaL research where req i i red .  
RT 33.3 - Dtxmriztrzte sz t i s fac tory  perfomance of tfie control  swface  and 
associated ha-rdvare Fn a C u p l i c a t d  f l i g h t  eaviromezt  . 
RO 32 - Cevelop 1cnR IJZe regeneratively ccoled strxCl-ard ccccents f o r  Eptlicztticn 
ir_ h i ~ h  heat flux areas scch zs leedicg e&g es a S  rropulsior. systezs. 
W 33.1 - Invest igate  t h e  a@iczibi!.ity of auLtipl .eisiogle f l u i d  cooling 
concepts i n  t h e  oGerat ional  ecv i rcmezt  =xi sFec 117 reqJlred 
thernophysicai y o p e r t i e s  or' cendidate hezt exc'?.aq:er =a te r i a i s .  
RT 3S.2 - 3etemine  Fhysical end c h a i c a l  cozipatibifi ty of cazdldzte heat 
exchanger m i t e r i d s  vitf; heat exchnge f l u i d s  ir, t h e  operating 
i;emperat.xe/presswe r e g k e .  
l?T 3k.3 - XnalytLcalLy deternine flov passage c r i ec t a t ion  tzcr? shzpe. This 
end 
t a sk  i cc lu i e s  cors iderat  ions of fiect t r a n s f e r  , f low velsc i t y  , 
operating pressure l e v e l  , t e q e r a t u r e  d i s t r ibu t ion  (Farel  
max w&'L t enpera twe ) , acd panel strength/weigkt. 
X' 3L.4 - Evaluate rna-Lerials fabr icat ior .  techniques f o r  high temFerzture 
e l loys.  Tsis t a s k  includes considerat icas  of pznel buildcp, 
insgection, and integrat ion iczc p r h a r y  s t r x t u r e .  
EIT 34.5 - Demonstrate >anel i n t e g r i t y  an3 perfcrrcance at d e s i r d  ooeratlng 
conditions. 
E3 35 - Frovide a struct-=e which meintains aerodynamic smcothness undey actual 
ocerat ional  cmdi t ions  ccc? use. 
RT 35.1 - Establ ish allowable l i m i t s  f o r  surface i r r e g u l a r i t i e s  based cn 
p r io r  research r e l a t i v e  t o  vehicle  berformance and heating. 
RT 35.2 - Verify ccmpliance v i t h  surface i r r e g u l a r i t y  c r i t e r i a  through 
s t r u c t u r a l  t e s t s .  
lLIcDOlvHILL A#- 
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RO 36 - SFIine t h e  e f f ec t s  of combined mechanical loading and thermal stress 
LrZlinR under act  .-t a l  environmental cozditions on t h e  l i f e  of t h e  s t ruc t - i r a l  
ccmonent s . --
fiT 36.1 - Defin- en-. s o m e n t a l  parameters a f f ec t ing  structural mater ia l s  
s e l c t i o n  .md i d e n t i e  candidate materials concepts. 
RT 36.2 - Conduct -.xttnsive coupm t e s t i n g  f o r  candidate materials 2 s  a 
Fmct i sn  of t i m e .  
Drcjper-;ies, pliysical/chemical comFatibilit:r, and axidat  ion 
res i s tance  (thermal).  
This t a s k  includes consideration of $ ~ y s i c a l  
RT 36.3 - Constrilc; iezge-scale componeots and tech under combined load 
conditions t o  v e r i f y  coupon deta  ace- t c  e s t ab l i sh  a r e a l i s t i c  
measure of  operating l ife.  
RO 38 - Determine t h e  e f f ec t s  of f u e l  s losh  on the  dynamics and i n e r t i a  loads of 
low asDect r a t i o  hypersonic a i r c r a f t  with large volume f i e 1  tankwe.  
RT 38.1 - Study slosf' modes and i n t e n s i t i e s  t o  determine t h e  influence of 
t h e  f luid dynamics on s t ruc tu ra l  loading and tank design. 
RT 38.2 - Invest igate  ir?ertlal forces  and center  of  gravity per turbat ions 
produced by fuel s losh  and t r a n s l a t e  t h i s  i n t o  e f f e c t s  on t h e  
s t a b i l i t y  and cont ro l  of  hypersonic aircraft throughout i t s  
f l i g h t  regime. 1den';ify those regions where t h i s  e f f e c t  is 
SignificLi-t. 
RT 38.3 - Invest igate  nethods t o  minimize fuel mDtion effects on t h e  
ove ra l l  vehicle  f l i g h t  charac tz r i s t ics .  
RO :39 - Deternine t h e  parameters of cor re la t ion  for  t h e  ana lys i s  of t h e  e f f e c t s  o f  
near f i e l d  noise on minimum Rawe s t ruc tures ,  composite s t ruc tures ,  an3 
nox-metellics . 
RT 39.1 - Examine po ten t i a l  hypersonic vehicles  t o  iden f i f j  those locat ions 
where t h e  s t ruc tu re  cons i? t s  of minimum gauge, composite, and 
non-metallic meter ia l s ;  and iden t i fy  t h e  themal / acous t i ca l  
environment -onditiocs I s x h  as t aiperature/t ime h i s to ry  and 
p o w e r  s p e c t i a l  den: i ty/ t ime his tory.  
RT 39.2 - Experimentally iden t i fy  f a i l u r e  mechanisms of a s t r u c t u r a l  
element i n  an ac tua l  environment and develop an ~ t i l a l y t i c a l  model 
t o  descr ibe t h e  failure mode. 
90 40 - Cevelop non-destructive evaluation and inspection methods fo r  sandwich 
s t r l lc ture ,  comp2site mC-riels, d i f fus ion  bonded uate=.idls , and coat ings.  
RP 40.1 - Investiga-Le non-destructive evaluation (NDE) methods which cac 
po ten t i a l ly  de tec t  and iden t i fy  Tt ruc tura l  failures. 
REPORT MDC A0013 0 2 OCTOBER 1970 
VOLUME Ill 0 PART I 
RT 40.2 - 
RT 40.3 - 
FIGURE 3-12 (CONTINUED) 
PHASE II RESEARCH TASKS 
Evaluate t h e  effect iveness  of NDE techniqaes through the  use of 
"cal ibratzd failure" specimens ( ca l ib ra t ing  output of NDE systems 
vs  degree of failure). 
Experimentally cor re la te  degree of failure t o  magnitude of 
remaining operat ional  l i f e .  
RO 41 - Develop a capabi l i ty  t o  accurately estimate component and s t ruc tu ra l  mass 
f_ra.csons f o r  all types of hypersonic a i r c r a f t  designs. 
RT 41.i - Develop a matrix of  weight account i r .  systems for each major 
conponent concep-L, r e f l ec t ing  parametric var ia t ions  within tile 
concept and specifying i t s  appl icabFli ty  within d i s c r e t e  pori' "ions 
of t h e  f l i g h t  envelope. 
RT 41.2 - Develop a discriminatory accumulation/recall technique f o r  select-  
ing and incorporating appl icable  port ions of t h e  matrix t o  a r r ive  
a t  integrzted mass f r ac t ion  estimates f o r  major vehicle  elements. 
Provisions should be made for  e. continual update (of each matrix 
element) of concept information and a c t u d  weight ve r i f i ca t ion  as 
t h a t  information becomes avai lable ,  maintaining currency w i t h  t h e  
state of t h e  art. 
RO 42 - Veri13 the  i n t e g r i t y  of t h e  s t r u c t u r a l  and thermal-structural  systems 
through fu l l - sca le  sect ion t e s t ing .  
RT 42.1 - Demonstrate f u l l y  in tegra ted  s t ruc tu re  (a major sec t icn  of an 
operat ional  system) and t h e  capabi l i ty  t o  maintain indivi6ual  
component levels of performance under representat ive operating 
condi t iors .  This t a sk  includes considerations of component 
assembly, st.ructurz1 in te rac t ions  , s t r u c t u r a l  damping , t h e r r a l  
protec";im system performance, and demonstration of maintenance/ 
repa i r  concepts. 
RO 43 - Develop reusable thermal protect ion systems -. fo r  t he  primary s t ruc ture .  
RT 43.1 - 
RT 43.2 - 
RT 43.3 - 
Correlate thermal protezt ion system cmcepts  with mission 
envelopes t o  provide candidate systems f o r  development. 
t a sk  includes considerations of f l i g h t  p r o f i l e  and candidate 
systems whether ac t ive  o r  passive. 
This 
Establ ish r eusak i l i t y  c r i t e r i a  using non-destructive evaluation 
(NDE) concepts. This t a s k  includes considerations of mean time 
between failures, minimum time before maintenance, l i fe t ime/duty 
cycles,  and extent  of maintenance and repa i r .  
Develop (NDE)  techniques and experimentally demonstrate the  
required r eusab i l i t y  using fu l l - sca le  s t ruc tu ra l  components i n  
a strkctural t e s t / f l ow f a c i l i t y ,  f u l l y  simulating t h e  operat ional  
environment. 
- N R U  A#- 
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RT 43.4 - Correlate. experimental data with original analyses to determine 
adequacy of the analytical base and potential improvements through 
the use of experimental results. 
(0 4h - Define the mechanical and physical properties of advariccd materials that 
haire potential application in hypersonic aircraft. 
RT 44.1 - Identify materials that, through their usage, cul significantly 
improve the aircraft. 
and refractory metals. 
This task includes considerations of 
. metal matrix composites , high temperature titaniums, superailoys , 
RT 44.2 - Experimentally establish unavailable FhySiCZl , chexical, and 
thermodynamic properties, as required for  attractive candidates. 
;O 45 - Improve fabrication techniques for advanced materials and complex structures. 
These include: 
forming; fabrication of sandwich structure; and fabrication af non-metalif?sl 
welding, diffusion bonding, and brazing of metals; composite 
RT 45.1 - Conduct basic research into fabrication techniques to identify 
those which have the potential to significantly improve overall 
aircraft performance for various strwtural concepts. 
RT 45.2 - Specify applicable criteria to evaluate the fabrication technique, 
using a structural element under representative load conditions. 
RT 45.3 - Perform coupon and element testing to iny.restigate integrity of 
the fabricated specimen, also providing a aeans for refining 
inspection techniques. 
RT 45.4 - Compile, correlate, aad disseminate resultant date. 
'0 46 - Develop high temperature bearings, lubricants, closure seals, tires, 
windshields , and radomes. 
RT 46.1 - Identify operating environment of' tke indiviausl component mder 
consideration. 
location, flight envelope, and environmental cooling. 
This task includes considerations of geometric 
RT 46.2 - Define existing levels of material perfornance, as applicable to 
each component class, and identify requisite improvement in 
capability. 
RT 46.3 - Evaluate existing test techniques to esteblish validity of data 
obtained, postuleting iiev techniques there necessary. 
RT 46.4 - Perform necessary parametric analysis, component test, a n d  systen? 
demonstration to prcvide the required perfomce. 
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PROPULSIOri 
RO 48 - Develop inlet  configurations t h a t  w i l l  enable the  engine t o  achieve the  
desired performance over t h e  range of desired f;ight conditior-, and engine 
operating modes. 
RT 48.1 - 
RT 48.2 - 
RT 48.3 - 
RT 48.4 - 
RT 48.5 - 
Inves t iga te  geometric var iab les  of t h e  vehic le  configuration up- 
stre-am of t h e  inlet, r e l a t ed  t o  t h e  qua l i t y  of tne l o c a l  flow 
f i e l d  at  po ten t i a l  i n l e t  locat ions over t h e  operat ional  range of 
a and 8. 
favorable aerodynamic interference.  
I n l e t  placement should be evaluated i n  order t o  obtaip 
Experimentally study d i f f e ren t  i n l e t  c lasses  and descrlbe t h e  
qua l i t y  of flow delivered t o  t h e  propulsion system f o r  each inlet  
class as a function of operat ional  var iab les  such as attitude 
(a, 81,  Mach number, and Reynolds number. 
- ;-.westigate scal ing l a w s  t o  allow determining minimum i n l e t  s i z e  
f o r  meaningful da ta  and t o  provide extrapolat ion rules from t h a t  
base t o  full-scale. 
Inves t iga te  inlet  and forebody shapes t o  determioe overa l l  aero- 
dynamic and engine airf low qual i ty .  "his t a s k  includes consid- 
e ra t ions  of addi t ive  drag, s p i l l ,  bypass, and bleed drag, 
configuration Lb, aerodynamic s t a b i l i t y ,  steady-state and time 
va r i an t ' d i s to r t ion ,  pressure recovery, and off-design operation. 
Inves t iga te  t h e  inlet problems associated with use of a common 
i n l e t  f o r  combinations of engine concepts. 
RO 52 - Develop ecgine desip;n concepts amenable t o  c o o l i w  by various techniques 
(regeneration, ab la t ion ,  rad ia t ton ,  t r ansp i r a t ion ) .  
RT 52.1 - 
RT 52.2 - 
RT 52.3 - 
Inves t iga te  ex is t ing  engine concepts throughout t h e i r  appl icable  
Mach number range t o  determine what conceptual a l t e r a t ions  would 
r e s u l t  from considering active cooling at  inception of t h e  concept 
Define component -technology l eve l s  and t h e i r  desigdperformance 
requirements f o r  t h e  more f eas ib l e  concepts i n  each Mach number 
range. 
Ecperzmentally evaluate individual  component performance, using 
t h i s  da t a  as a basel ine t o  assess ove ra l l  cooled-engine concept 
feasibil i t y  and r e su l t i ng  pezformance increnents.  
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RO 55 - Invest igate  methods f o r  reducing engine noise during takeoff and landing. 
RT 55.1 - Determine the  relative s ignif icance of individual  component 
contributions t o  the  apparent noise l e v e l  by using ex i s t ing  turbo- 
j e t  and rocket engines m d i f i e d  t o  r e f l e c t  advanced engine 
concepts. This t a sk  includes evaluation of such measurements as 
power spec t r a l  densi ty ,  s p a t i a l  i n t ens i ty  d i s t r ibu t ion ,  and 
Engine design parameteix (bypass , t i p  speeds, exhaust ve loc i ty  , 
nozzle expansion, i n l e t  guide vaqes ) . 
RT 55.2 -' Evaluate t h e  va r i a t ion  i n  perceivable noise of operation of t h e  
a i r c r a f t  near the  ground. 
RT 55.3 - Invest igate  incorporating e i t h e r  design changes o r  accus t ic  
a t tenuat ion material i n t o  t h e  engine concept which provide 
acceptable noise l eve l s  and do not signiCicantly degrade engir.? 
performance. 
a i r c r a f t  operat ional  c r i t e r i a .  
RT 55.4 - Establ ish guidelines for future testing, engine &sign, anc: 
RO 57 - Develop and in tegra te  engine components i n t o  a com;slete 1arp;e-scale tiirbo- 
Demonstrate compatibil i ty and overa l l  performance t h r o u k  ramjet system. 
out an applicable f l i g h t  envelope. 
RT 57.1 - Perform cycle ana lys i s  f o r  each engine concept i n  a l l  operating 
modes t o  determine t h e  desired levels of perfcrmance f o r  indi-  
vidual  components. 
RT 57.2 - Formulate po ten t i a l  design concepts f o r  ea=h turboramjet com- 
ponent. This t a s k  includes considerations of mater ia l s  se lec t ion ,  
thrust/weight , operating stress levels , case texperatures  
and pressures , and concept r e l i a b i l i t y .  
KT 57.3 - Invest igate  engine qua l i f ica t ion  tecki iques (considering r a c i l i t y  
capabi i i ty  ) and e s t ab l i sh  a qual i f ica t ion  a d  acceptance program 
fo r  turboramjet engines. 
RT 57.4 - Verify technology of compor-ent design and operation t h o u g h  
experiment at  operating conditions. 
RT 57.5 - Integrate  proven components i n to  a demonstrator engine system and 
demonstrate i t s  pel formance. 
RT 57.6 - Demonstrate integrated (inlet/engine/nozzle concept) propclsion 
systems 7erformance over t h e  range of Mack: number, a l t i t u d e ,  and 
a t t i t u d e  . 
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RO 58 - Perform su f f i c i en t  cycle analysis  and mission ana lys i s  t o  se l ec t  t he  bes t  
multi-mode cycle and s i z e  engine f o r  appl icat ion t o  a spec i f ic  hypersonic 
mission a i r c r a f t .  
RT 58.1 - Defines representat ive mission p ro f i l e s  i n  order t o  iden t i fy  t h e  
dominant cha rac t e r i s t i c s  which drive i n s t a l l e d  engine performance 
leve ls .  
RT 58.2 - In tegra te  cycle analyses and se l ec t  candidate engine concepts 
consis tent  with mission requirements. This t a sk  includes s tud ies  
of s ing le  mode, combination s ingle  moue, composite cycle ,  and 
dual  mode engines. 
RT 58.3 - Perform mission performance s tudies ,  ident i fying t h e  most a t t r ac -  
t ive  integrated propulsion system concept s a t i s fy ing  the per- 
formance object ives .  This t a sk  includes considerations of aero- 
dynamic performance, instal led engine performance, and a i r c r a f t  
configuration. 
RO 59 - Develop and in tegra te  engi.ne components irlto a complete, large-scale ramjet 
system. Demonstrate compatibil i ty and ove ra l l  perfcmnance throughout an 
applicable f l i g h t  envelope. 
RT 59.1 - Perform cycle analysis  f o r  ramjet engine concepts t o  e s t ab l i sh  
necessary levels of performance, operating environment, and 
l imi t ing  conditions f o r  engine s t a r t i ng .  
RT 59.2 - Formulate po ten t i a l  design concepts f o r  each r a n j e t  component. 
This t a s k  lncludes considerations of materials se lec t ion ,  t h rus t /  
weight, operating s t r e s s  l e v e l s ,  case temperatures and pressures,  
and concept r e l i a b i l i t y .  
RT 59.3 - Invest igate  engine qualificat!.on +,cciinl.qLe (considering fac?’_li t j  
capabi l i ty )  and e s t ab l i sh  a quzl i i ic t l i ion and acceptance program 
f o r  ramjet engines. 
RT 59.4 - Verify technology of component dx-fgn. ead operation through 
experiment at operating condi t iom.  
RT 59.5 - In tegra te  proven components i n t o  a demonstrator engine system and 
demonstrate i t s  performance. 
RT 59.6 - Denionstrate in tegra ted  (inlet/engine/nozzle propulsion systems ’ 
perfcmance over t h e  range of Mach number, a l t i t u d e ,  and a t t i t u d e .  
EO 60 - Develop and in t eg ra t e  engine components i n t o  a complete s ign i f i can t ly  s ized 
convertible scramjet module. Demaistrate competibil i ty and overa l l  per- 
formance throughout an appl icable  f l i g h t  enveiape. 
RT 60.1 - Perform cycle analysis  f o r  dual mode ramjet (convert ible  scramjet)  
modules t o  e s t cb l i sh  necessary l eve l s  of performance, operating 
environment, and Mach number limits f o r  engine s t a r t i n g ,  fol .  
both the  subsonic and supersonic combustion modes. 
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RT 60.2 - Formulate po ten t i a l  design concepts f o r  each convert ible  scramjet 
component. T h i s  t a s k  includes considerations of materials 
se lec t ion ,  thrust/weight , operating s t r e s s  l e v e l s ,  surface 
temperatures and pressures ,  and concept r e l i a b i l i t y .  
RT 60.3 - Invest igate  engine qua l i f ica t ion  technique (considering f a c i l i t y  
:apabi l i ty)  and e s t ab l i sh  a qua l i f ica t ion  and acceptance program 
f o r  convertible scramj e t  engines. 
RT 60.4 - Verim technology of component design and operation through 
experiment a t  operating conditions. 
RT 60.5 - In t eg r s t e  proven components i n to  a demonstration engine module t o  
serve as an operable base l i n e  for  demonstration and determine i t s  
performame charac te r i s t ics .  
RT 60.6 - Oemonstrate i n t e s a t e d  (inlet/engine/noz?le) propulsion systems 
performance over t h e  range of Mach number, a l t i t u d e ,  and a t t i t u d e .  
RO 61 - Develop and in tegra te  engine components i n to  a complete, s ign i f i can t ly  
s i z e d  scramjet module. Demonstrate compatibil i ty ani! overa l l  performance 
throughout an appl icable  f l i g h t  emelope. 
RT 61.1 - Perform cycle analysis  f o r  scramjet module ccncepts t o  e s t ab l i sh  
necessary l eve l s  cf performance, operating environment, 
a t d  Nach number limits f o r  e x i n e  s t a r t i n g .  
RT 61.2 - Formulate potentia: design concepts Fqr each scramjet mo3ule 
component. 
se lec t ion ,  thrust/weight , operating s t r e s s  l eve l s ,  surface temp- 
eratures and pressures,  and concept r e l i a b i l i t y .  
This +,c.::k includes consideratians of mater ia ls  
RT 61.3 - Invest igate  engine qua l i f tca t ion  technique (considering 
f a c i l i t y  c spab i l i t y  ) and es t ab l i sh  a qual i f  icat3on arr? 
acceptance program. 
RT 61.4 - Verify technoiatg of componerit design and operation through 
experiment at 9: n r a t  ing conditions. 
RT 61.5 - In tegra te  p?:oven components i n to  a s ign i f i can t ly  sized engine 
module and Jemonstratr? i t s  performance. 
RT 61.6 - Demonstrate integrated ( iniet /engine/nozzle)  propulsion systems 
performance over t h e  range of Mach number, a l t i t u d e ,  and a t t i t ude .  
RO 62 - In tegra te  a rocket engine in to  a horizontal  takeoff  a i r c r a f t  con f imra t ion  
and demonstrate systell perfmmance th?oi-g;hout - an appl icable  f l i g h t  envelope. 
RT 62.1 - Invest igete  po ten t i a l  aircraft  configurations and rocket engin.e 
systems (including fuel tankage concepts) and - 4 7 n m +  t h e  most 
promising combination for demonstration purposes. 
-NRU A#- 
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RT 62.2 - In tegra te  engine and airframe iiito a demonstration vehicle .  This 
t a s k  covers design, development , fabrj.cation, and assen3ly of a 
s ign i f i can t ly  sized system. 
RT 62.3 - Demonstrate opc-ration of t h e  engine and airframe system from 
launch throughout an extensive maneuverjhg f l i g h t  envelc,; of 
Mach number , a l t i t u d e s  , and a t t i t udes .  
Dzvelop i n l e t  controls  f o r  hypersonic a i r c r c f t  which a r e  simple, r c l i a b l e ,  
accurate ,  and have rapid response. 
RT 63.1 - Using establ ished i n l e t  and cont ro l  envelope basel ine high 
temperature ac tua tor  systems , es t ab l i sh  adequacy of basel ine cap- 
a b i l i t y  i n  terms of thermal environment, end precis icn of cont ro l  
posi t ioning and operating speed at  i n l e t  operutiiig temperatures. 
RT 63.2 - Research techniques of sensor cont ro l  which contr ibute  t o  desired 
l eve l s  of performance. 
Evaluate s i i t a b i l l t y  of awi l t a -*y  tu rbo je t s  fcr landing of hypersonic 
vehicles.  
RT 64.1 - 
RT 64.2 - 
RT 64.3 - 
Invest igate  t h e  operational aspects of a tu rbo je t  a s s i s t ed  landing 
mode fo r  hypersonic ccnfigurations t o  del-ineate advantzges of  
power a s s i s t ed  descer.+ and landing, deployment point i n  terminal 
t r a j ec to ry ,  and thrust vector or ien ta t ion .  
Study design c;icepts t o  incorporate turboje t  assist f o r  l a n d i w  
mode, i f  found q e r a t i o r i a l l y  desireble .  
Determine low speed s t a b i l i t y  and handling q u a l i t i e s  w i t h  turbo- 
je t  assist and compare with basel ine landing mode da ta  f o r  hyper- 
sonic conf igu r s t  ions. 
Determine r >zzle configurations which produce high net  t h r u s t  while main- 
ta in ing  e f f i c i e n t  in tegra t ion  with the  airframe. 
RT 65.1 - 
RT 65.2 - 
RT 65.3 - 
Analyze the  engine exhaust nozzle requirements f o r  t he  d i f f e ren t  
c lasses  of engines studied. Define necessary performance and 
poss ib le  ndzzle configurat iors  f o r  t he  range of f l i g h t  conditions 
associated wtth each engine concept. Consider t h e  implications 
of in tegra t ing  t h e  nozzle concepts i n t o  airframe configura-i;ion. 
Establ ish both scal ing laws and simulation requirements f o r  t h e  
d i f f e ren t  c lasses  of engines t o  permit va l id  da t a  f o r  integrated 
engine/airframe conf igwa t ions  . 
Invest igate  t h e  engine net  t h r u s t ,  afterbody, and b o a t t a i l  drag 
over a representat ive f l i g h t  regime, identif 'ying t h e  fea tures  
which contr ibute  favorably t o  exhaust nozzle/airframe in tegra t ion  
fo r  t h e  engine concepts. 
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RO 67 - Determine in le t lena ine  coi ipat ibi l i ty  c r i t e r i a  (both steady-state and time- 
v a r y i w )  f o r  high-total-pressure-recovery wide Mach range i n l e t s .  
RT 67.1 - Study t h e  engine simulation techniqLe current ly  us1.l f o r  wind 
tunnel  t e s t s .  
acoustic impeaences and operational cha rac t e r i s t i c s  of hypersonic 
a i r c r a f t  engine concepts. 
Develop techniques representat ive 0% t h e  pneunlatic/ 
RT 67.2 - Invest igate  techniques f o r  dupl icat ing the  flow distur3ances ana 
t h e i r  e f f ec t  on the  t i m e  var iant  engine face  pressure d i s t i i -  
butions permitt ing evaliiation of ac tua l  engine operations i n  t h e  
presence cf  these  disturbances. 
ZT 67.3 - SkGy and cor re l a t e  da t a  using t h e  improved techniques so tha'u 
descr ipt ive pa rme te r s  cen. be derive6 which xj.11 indicate  t h e  
tolerance of a given engine concept t o  steady-state and time 
var ian t  flow non-uniformities. 
RT 67.4 -- Translate research r e s u l t s  iiito in tegra t ion  c r i t c i a  and ergine/ 
i n l e t  design guidelines (cont inual ly  updated) which repyesent a 
current statement of t he  technology and proxide a creciible base 
for development of  f'uture a i r c r a f t .  
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SU6SYSTE.S - 
RO 6e - Deveiqp operzt isnal  sys t em an2 procedures f o r  t h e  therna l  conditionina,  
storaTe, safe handling, z?? l o g i s t i c s  cf cryoszenic pro3ellants vhich a re  
compatible a i t h  t sTica l  a i r f i e l d  requiregent s. 
5T 68.1 - Conduct basic research illto subcooling (incl-xXng s l c sh )  methods 
and znalyze a t t rac t iveness  i n  terms of c q i t a l  investment , opera- 
t l o c a l  cost ,  and complexity required t o  s i p i f i c a t l y  improve 
perfornance. This t a s k  includes stGdy of such methods as low pres- 
sure boi loff  ( v a c u u  pumping), helium re f r ige ra t ion ,  and Isentropic  
expans ion. 
research int: po ten t ia l  developmen', proSlems , operational require- 
ments, and ver i f ica t ion  of t h e  subcooling technique 2 s  applied 
t c  large-scale corit inuous product ion. 
3~ 68.2 - Provide a "pi: ' I t  p l m t "  subcooling system t c  permit experimental 
RT 69.3 - Invest igate  s t t r a c t i v e  methods t o  provide techniques ?or safe, 
e f f i c i en t  storzge and t ransport  of  normal boi l ing  pc in t  and sub- 
cocled cryogenic propellants.  
scpgort u-d minimum base/fac i l i t 3 -  recpirement s. 
Cansideration is  given t o  global 
RC 69 - Develop analyt ical  correlat ion techniqaes through empirical evalcation t o  
pennit  t h e  detem-ination o f  the  f l u i d  d p - s i c  and thernodynmic character- 
t s t i c s  of cryogenic propellants i n  la rge  horizontal  tankage i n  a vibyatinp, 
sloshing, pressurized environment. 
RT 69.1 - Investigate contemporary v e r t i c a l  tank cor re la t ion  techniques end 
research the i r  capabi l i ty  t o  account f o r  t ransverse geometric 
and accelerat ion charac te r i s t ics .  Stuciy the  parametric vari- 
a t ions i n  slosh,  tank outflow, ar?d heat f lux  t o  determine t h e  
e f fec ts  upon overa l l  heat and mass t r ans fe r  within t h e  tank,  
propellant gas ql-iantities , azd t a d  pressure recovery/resporse 
ra tes .  
RT 69.2 - Design, develor, and t e s t  subscale tai1Ksge t o  e i t h e r  subs tan t ia te  
avai lable  correlat ions or  t o  permit developing new ccr re la t ions .  
Research must include simulation of dynamic , pressurized, therms1 
a i r c r a f t  environment. 
RT 69.3 - Evaluate the e f f ec t s  of s losh suppression techniques and subcooled 
(including s lush)  vs NBP operation 01; pressurant coll&pse poten- 
t i a l ,  tank pressure recovery , and minimum ul lage capabi l i ty .  
R 3  7G - Develop regerierative cryogenic heat exchsngers thermodynamic ca r r e l a t ions  
and c o n t r d  systems f o r  s t ruc tu ra i  and engine coo-Lngwhich are conpabible 
with representative heat loads and mater ia l  termerature l i m i t s .  
RT 70.1 - Perform experimn5al research t o  es tab l i sh  f l u i d  c o r r e l a t i m s  
n e  range of f l u i d  ?ropert ies  near c r i t i c a l  temperature or  
for ' i l m  coef f ic ien t ,  pressure drop, and pi essure o s c i l l a t i o n s  
i:l 
pressure of t he  f lu id .  
--ELL AJRCRAW 
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fiT 70.2 - 
RT 70.3 - 
Ekperinectally character ize  material z roper t ies  and f ab r i ca t i cn  
techniques for  use i n  high t a p e r a t w e  hydrogen heat exchazger 
environments. 
3evelop a d  operate high t a p e r a t w e  heat exchanger 9ar.el.s , Figh 
heEt flux heaters ,  and h5gh Tenperatme control  hardyare ( k J t  
ges vzlves)  t o  deternine t h e i r  s u i t a b i l i t y  -&en exFosed tG a 
s izu la ted  a i r c r a f t  enviroment  . This vi11 include e v z l u z t f c ~  
of ultimte heat f lux c a p a b i l i t i e s ,  and l l f e / a c t y  cycles ,  %& 
detercihat ion of cont ro l  adequacy. 
30 71 - IEr rzve  t h e  perfornanee of ne= Qr exis t ing  nydrocarbon fue l s  ' r_v ixrezsi? . ,  
t he  he.=t sink po ten t i a l  and heat of combustion. 
iC 71.1 - 
RT 71.2 - 
71.3 - 
RT 71.4 - 
RT 71.5 - 
Experlzentally deternine t h e  capgbi l i ty  of ex i s t l cg  SF' f u e l s ,  
i l t i l i z ing  propLlsior, da t a  t o  e s t ab l i sh  f u e l  performnce c r i t e r i r  
f o r  generic engine sod cooling concepts. 
Perform basic  research t o  evaluate nethods for exkns ion  of 
thermal limits of current  fuels. This t a sk  includes consiq-er- 
a t ions cf deoxygenet ion/ iner t  p ressur izs t ion ,  dcsl i l fur izr t  ion 
and hydrotreating, use of addi t ives  , a ~ c l  v e ~ r i z e c / s i l D e r c r i t i c a l  
f l u i d  operation. 
Develop catalyst. systems with react ion rate/system weight an6 
cooling f l e x i b i l i t y  cha rac t e r i s t i c s  consonant with high temp- 
erature/high speed aircraft operat j-on with c a t a l y t i c  endothermic 
fuels .  
Evaluate various high densi ty ,  high energy blends mc? addi t ives  
f o r  advanced f u e l s  and determine impact on vehicle  end f u e l  
manufacture and l o g i s t i c s  requirements. 
Determine t h e  e f f ec t s  of fuel addi t ive  c a p a b i l i t i e s  end funda- 
mental comblist ion proper t ies  f o r  high Mach n-umber propulsion 
sys t em through subscale engine and cooling r i g  tests. 
-.- Rn 72 - Det.ennLl?e fuel system d e s i p n  requirements imposed by t h e  use of thermally 
s t ab le  a d  endothemic fcels i n  high temperature a i r c r a f t  environments. 
RT 72.1 - Perform research t o  e s t ab l i sh  coctamination limits f o r  t h e  fuels. 
This may include t e s t i n g  t o  evaluate t h e  compatibi l i ty  of f u e l  
system (ground and f l ight . )  materials t o  ensure t h a t  minimum 
degradation of thcnual ly  s t a b l e  and endothermic fue ls  can be 
caused by d isso l re9  substances which might e i the r  precipita'.e o r  
i n h i b i t  c a t a l y t i c  react ions.  
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Iz,ves',igE%z inert Tressur iza t ioc  t e c h n i q e s  ar;S i cves t lga te  the  
f e a s i b i l i t y  cf airborne systezs  t o  ensure 2rtserva:ion of ?Jel 
thennal/oxidative s t a b i l i t y .  P.is t a s k  i m l x d e s  zonslderet5or.s 
of  G?+ ( i n e r t  gas by a i r e c t  addi t ion) ,  c a t d y t l c  con3usticL 
{ i c e r t  gas prcduct) , and *el f a g  (above fuel r l c h  linit: = 
Ident i fy  unique ground suppor-; and l c g i s t i c s  reo-!iirecents t o  
e f f ec t ive ly  kandle (v i thoc t  p t e a t i d  c h a i c c  reactioii)  2-9 
naZntain fuel Furi ty .  
RO 73 - Advance t h e  technolorn of cryop;er?ic Cue1 svstem coaronents i n  t h e  areas  cf 
reducea veiEht and increased r e l i a b i l i t y .  Pa r t i cu la r  emphasis sf;o;lld be 
applied t o  l i q u i d  hydroffen s t a t i c  ana dynamic sed inK and rotati?.& aachinery 
o p e r a t i w  i n  a cryogenic environment. 
RT 73.1 - Analyze ex is t ing  cryogenic fuel system corqonent concepts ac3. 
evaluate po ten t i a l  f o r  m i o r  p e r f o m a x e  hproverents  by virtce of 
e i t h e r  reduced weight o r  increesed r e l i z b i l i t y .  
RT 73.2 - Formdate  po ten t i a l  design concegts f o r  eech component considering 
such f ac to r s  as equivalen? operat ional  envelope, mater ie l s  selec- 
t i a n ,  and comyonent control/speed. 
RT 73.3 - Perform experinental  research f o r  t h e  attractive design concepfs 
t o  ve r i fy  cornpoilent 
inves t iga te  component improvement ir an equivalent oTerationa1 
envirormerc . 
performance l e v e l s  o r  t o  eqe r imen ta l ly  
RO 74 - Determine rap id  cryogegr: servicing techniques necessary t o  achieve 
required react ion and turnaround times f o r  mi3.itary and camerc i21  vehicles .  
RT 74.1 - Invest igate  aircraft pumping rate operat ional  c r i t e r i a  t o  deter-  
mine fuel loaCing rates consis tent  with a i r c r a f t  gromd turn- 
around requirements. 
RT 74.2 - Assess l imi t ing  g e m e t r i c  meawring equipment and operztional 
pa rme te r s  within which meaningfu l  da t a  may be acquired on 
reduced sca le  tankage systems. 
RT 74.3 - Perform a parametric, evalcat ion t a  f u l l y  character ize  those 
fac tors  having a major impact on vehicle  turnaround/loa&ing 
rates. This t a sk  includes considerations of chilldown rate, 
vent s i z ing  , flow veloci ty  , hazards, subcooled fue l .  
AICDolyNlU AB- 
3-54 
REPORT MDC A0013 0 2 OCTOBEF; 1970 
VOLUME 111 0 PART I 
FIGURE 3-12 (CONTINUED) 
PHASE I 1  RESEARCH TASKS 
RO 75 - Ce-relop e r a r a f t  f'jel tankwe concepts, sl-stez oFe ra t im ,  a d  cont ro l  
t e c h n i p e s  f c r  cr:rogenically Fueled s i r c r a t .  
9" 75.1 - Zvaluate v a r i m s  tankage/insulation concepts t o  L e t e d n e  the  
advantages cf each configuration. Totent ia l  conce;ts inclu2e 
i n t e p a l / n o n - h t e g r a l  tankage and in te roa l /ex terna l  inslll.=t?on 
s;rstens; which caa be evaluated on the  basis  of i n s t a l l e d  weight, 
thernz i  effi:iel;cy, develoyzent r i sk ,  a id  ove ra l l  s j s t e a  cost.. 
RP 75.2 -- Develop k e l a g e / t & a g e  sec t iom t o  g e m i t  experi=lgntal deter-  
dation of  p o t e a t i d  g e r f o r m c e  and t o  iden t i iy  su i t ab le  
sca l lng  f ac to r s ,  t i e  r e l a t i v e  i q o r t e n c e  of geozetr ic  sca le ,  
aad t he  e f f ec t s  of f u e l  floii r a t e s ,  therna l  enviroazer t ,  2ressure 
lcads, zechanical lcads, ar-3 m a z i c  notion. 
3'Z 75.3 - Deteriaine cont ro i  techniques f o r  f u e l  u t i l i z a t i o n  and naoagerent, 
and deternine y e s s u r i z a t i o a  requirenents during both s t a t i c  
md  dy-iiaic envirannents . 
Rc) 77 - Dete-ne f lush o r  recessed antenna design teclhnicves necessary t o  a l l o x  
mera t ioa  i n  the elevated h;rpersonic temperatare environnent . 
3" 77-1 - Invest igate  s i z e ,  shape, and c o n s t n c t i o n  reqilirements of 
mtensa systens f o r  comunication, navigation, i den t i f i ca t ion  , 
reccnnaissance, and electroDic w a r f a r e  functior.s at the  &ti- 
tu&es , ve loc i t i e s  , and rariges of t y p i c a l  hy-personic vekicle  
mission t r a j e c t o r i e s .  
BT 77.2 - Study t:?e struct-cre of  vehicles vhich ?ave been desimed f o r  
hypersonic f l l g h t  a id  determine feas ib le  an tema locat ions f o r  
flusfi-mur,ter? antenna systems. This t a sk  includes evaluation cZ 
s t r u c t w a l  i n t e g r i t y ,  thermal protect ion , and adequate look 
angles. 
RT 77.3 - Perfom mathemzticel analyses t o  tine deptn required t o  obtain a 
h ie !  degree of confidence i n  predict ing temperature, shock and 
vibratior? p ro f i l e s  of the selected antenna locat ions f o r  ty-picd 
f l i g h t  t rq j ec to r i e s  assoaiate8 w i t i ,  h p e r s o n i c  vehicles.  
RT 77.4 - Survey mater ia ls  technology for products t h a t  v i i l  provide the 
e l e c t r i c a l  cha rec t e r i s t i c s  required f o r  ar, acceptable a t e n n a  
system while undar the predicted f l i g h t  enviroments  of tempera- 
t u re ,  shock, and vibrat ion.  
RT 77.3 - Design and construct sample antenna hardware for research tests 
of such f ac to r s  as s t r u c t u r a l  i n t e g r i t y ,  t ransa iss ion  pa t te rns  , 
and frequency s t a b i l i t y .  
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RO 78 - Invest igate  s t a b i l i t y  augmentation systems c a p a x e  0; cont ro l  i n  t h e  hyper- 
sonic region, ard recovery from pi lot-kduced osc i l l a t ions .  
K 78.1 - Analyze t h e  vehicle  dynamics cver the  f l i g h t  p r o f i l e  t o  determine 
s t a b i l i t y  augmmtation requirements for p o t e n t i s l  operat ional  
hy-penonic vehicles .  
3T 78.2 - Research s t a b i l i t y  eugmentatioc system requirements r e l a t i v e  t o  
f ly ing  an unsteble aircraff,. 
R" 76.3 - Invest igate  and demonstra$e aethods t o  ensure aus l i f i ca t ion  of 
desired l e v e l s  cf performance, pr ior  t o  a i r c r a Z  develo-ent. 
RO 79 - Deternine air data measurement techniq.:ss app l i ca t l e  to th2  hypersonic 
enviromezt  . 
!?T 79.1 - Perfom E stu& t o  Cetermine those parameters, senfors,  and 
ca l ib ra t ion  techniques required t o  def ine  t h e  a i rp lane  envircnmer,t 
f o r  coEtrol and dz ta  ar.alysis. 
3" 79.2 - Iaves t iga te  ca l ibra t ion  t e c k i q u e s  applicable t c  f l i g h t  vehicles  
t h a t  can survive the  flight enviroment and provide t h e  uecessai-y 
data. 
ET 73.3 - Demonstrate proper operation of t h e  sensors and a i r  dzta system 
i n f l i g h t  environments cver the Mach number, a l t i t u d e ,  and a t t i t u d e  
range consis tent  with t h e  operat ionsl  vehicle  concept under con- 
s i d  erat ion. 
RO 80 - Develop actuat ion techniques and ilardwa-re tL;:rcvide necessary surfcce 
motioc. 
RT 80.1 - I m e s t i g a t e  s u r l e c ~ ?  travel =ti response requiremen& and drive 
system operat ional  envbomen t  
system f l i g h t  envehpe. 
consonant with operztic;r-al 
RT 80.2 - Review exis t ing  materials propert ies ,  determine l imi t ing  oper- 
a t ing  temperatures, t h e i r  impact on vehicle  design, and i n i t i a t e  
s tud ie s  d i rec ted  toward providing higher t a p e r a t u r e  f lu i i i s  and 
seals where necessary. 
RT 90.3 - Invest igate  t h e  relative merits of a l t e r n a t i v e  ccjntrol d r ive  
systen se lec t ion ;  i .e.  , h?rrl;*aulic vs pneumatic YS mechanicd. 
RT d 0 . b  - Perform research on basic  actuat ion techniques and Crive systems 
t o  demonstrate performance , r e l h b i l i t y ,  and operat ional  limits 
i n  a simulated operational environment. 
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Develcp auxi l ia ry  power units for  rocket ,  scran, and ramjet powered air- 
c r a f t ,  including necessa=y emergency power equipment i n  case of primary 
wit f a i l u r e .  
_-- 
RT 82.?. - 
RT 82.2 - 
IIT 82.3 - 
R!! 82.4 - 
Evaluate various methods/energy sources f o r  obtaining aux i l i a ry  
power f o r  rocket,  scram, and ramjet powered aircraft. Poten t ia l  
sources of avai lab le  energy -rhich should be considered include 
blee5 air ,  ram air, ae-odynamic zeat ing,  and fuel combustion. 
Studies will include e v d c a t i o c  of energy conversion techniques 
a d  t h e  use of regeni ra t ive  gas supply, f l u i d  pumps, e l e c t r i c  
generator/motors , auxiliary turb ine  engines , and thermoelectric 
devices. 
Study in tegrk t ion  of t h e  mst promising concepts with vehicle  
and propuision system t o  de te rmhe operat ional  and load require- 
ments/consfraints. 
Expel-imentally develop basic  APU Compc%nts , evaluating per- 
fornance , r e l i a b i l i t y ,  and operational cons t r a in t s  whtn subjected 
t o  t h e  an t ic ipa ted  thznnal/dynamic environment. 
Assemble components i n t o  prototype Dperational systems and perfcrm 
developmental testing including simulation of temperature , loads , 
and p o t e n t i a l  component failure modes. 
Deveiop environmental cont ro l  systems u t i l i z i n g  l i q u i d  cryogens as t h e  
heet sink, based on allowable i n t e r n a l  w a l l  temperatures f o r  crew and 
Dessenaer comfort ard effect iveness .  
RT 83.1 - In;-cstigate t h e  usefclness  of liqcii! cryogens as a r e l i a b l e  heat 
s ink  f o r  envi;-onmental cooling. This task includes considerations 
of f l i g h t  heat loads , cabln and coinpartment cooling, and accessory 
heat locas  . 
RT 83.2 - Provide F, functional prototype of an ECS system a d  demonstrate 
obtainable l e v e l s  of r e l i a b i l i t y  and perfwmance under simulated 
operational conditions.  
Develop environmental cont ro l  systems for Mach 4 t o  6 hydrocarbon fueled 
vehicles ,  based on allowable in t e rna l  .all temperatures fo r  crew ana 
2assenger <omfort and e9fectiveness.  
RT 84.1 - Inves t iga te  t h e  s u i t a b i l i t y  of current  ECS concepts, as applied 
t o  t h i s  c l a s s  of vehic le ,  and determine a l t e rna t ives  and com5in- 
a t ions  fos ach iev iw  desired performance leve ls .  
RT 84.2 - Provide a funct ional  prototype of an ECS system and denors t ra te  
obtainable levels of r e l i a b i l i t y  and performance under simulated 
operat ional  conditions.  
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PHASE II RESEARCH TASKS 
EO 85 - Develop launch techniques fo r  AAM and ASK weapons i n  hy-perso2ic f l i g h t .  
RT 85.1 - Inves t iga te  t h e  po ten t i a l  t h rea t / t a rge t  spectrum r e l a t i v e  t o  
operat ional  vehicle  t r ack  t o  enable evaluation of end game t e c t i c s  
f o r  candidLte missile systems. 
RT 85.2 - Study methods f o r  integrat ion of t h e  candidate weapons system 
based on experimental data.  
RI 85.3 - Establ ish design guidelines fo r  combfnabions of operat ional  
systems concepts, t h rea t / t a rge t  spectrum, missile systems, and 
launch techniques appl icable  tg development of t h e  operat ional  
aircraft system. 
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OPERATIOX 
RO 87 - 
RO 89 - 
RO 93 - 
- Evaluate various methods of terminal approach, landicp;, gr ound operations,  
and takeoff fo r  hypersonic a i r c r a f t .  
RT 87.1 - 
XT 87.2 - 
RT 87.3 - 
RT 87.4 - 
Study and compare operational procedures f o r  t h e  Foten t ia l  oper- 
a t iona l  hypersonic a i r c r a f t  witn those ex is t ing  f o r  current  oper- 
a t iona l  a i r c r a f t .  Ident i fy  where and t o  w h a t  extent differences 
exist. 
Invest igate  t h e  adequacy of existirq f a c i l i t i e s  t o  accommadate 
hypersonic a i r c r a f t  o2erat ional  requirements. Define programs 
fm improving ex is t ing  capab i l i t y  where appropriate. 
Invest igate  minimum modification approaches t o  ex is t ing  f a c i l i t i e s  
and determine impact on po ten t i a l  operat ional  vehic le  concepts , 
including t h e  feasibil i ty of  t h e  vehicle  i t se l f .  
Experimentally demonstrate ground system capabi l i ty  t o  accommodete 
hypersonic a i r c r a f t .  
Tnvestigate man-machine compatibi l i ty  as r e l a t ed  t o  t h e  decision/time aspects  
of course a l t e r a t i o n  of a hypersonic vehicle  at both high and low Mach 
nwnb e r  s . 
RT 89.1 - 
1T 89.2 - 
RT 89.3 - 
Study various c l a s ses  of po ten t i a l  operat ional  vehicles  and 
determine navigational requirements, deeree of mam~l cont ro l ,  
and p i l o t  di;play conceyt s. 
Invest igate  t h e  capabi l i ty  of exis t ing  ground, c e l e s t i a l ,  and 
s a t e l l i t e  navigational systems i n  terms of t h e  navigational 
requirements and evaluate po ten t i a l  improvements t o  provide t h e  
needed capabi l i ty .  
Invest igate  t h e  navigational and infonnation display systems 
t o  determine which combinations bes t  s a t i s f y  t h e  mission/vehicle 
requirements. 
diversion t o  a l t e r n a t e  bases, and vehicle  ;ange/speee enveiox 2 .  
This t a s k  considers f u e l  r e se rvzs / lo i t e r  time, 
Invest igate  e f f ec t s  of vehicle  dynamics on crew performance capabi l i ty  
and passenger comfort i n  hypersonic f l i g h t .  
RT 93.1 - Establ ish t h e  de f in i t i on  of passenger comfort (comfort index) 
a?.d tolerances as a fun-rtior, of vehicle  motion, and i n t e r i o r  
thermal environment f o r  commercial ope:ations. Thk t a sk  Lncludes 
mission ana lys i s  , operat ional  concept , environmental control / 
physical comforts, notion s imulat ioddegree of cons t ra in t ,  general  
public acceptance and use. 
RT 93.2 - 
RT 93.4 - 
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PHASE II RESEARCH TASKS 
Establ ish t h e  def in i t ion  of crew performance as a furiction of 
f c rce ,  vehicle  motion, and i n t e r i o r  thermal environment. This 
t s s k  includes considerations of  mission a n a l y s i ~ ,  operat ional  con- 
cepts ,  environmental control ,  professional crew, and s c i e n t i s t /  
8s t ronaut  . 
Inves t iga te  t h e  f e a s i b i l i t y  of  techniques t o  supplement human 
tolerances and responses t o  allow maximum attainment of a i r c r a f t  
performance. Establ ish design c r i t e r i a  f o r  modie ing  t h e  t rans-  
mission of abrupt forces  and motions t o  insure sa t i s f ac to ry  r i d e  
qual i ty .  
RO 9L - Develop abort  and crew escape systems and procedures fo r  hypersonic a i r c r a f t .  
RT 94.1 - 
RT 94.2 - 
RT 94.3 - 
RT 94.4 - 
Analyze t h e  missions of d i f f e ren t  c lasses  of hypersonic a i r c r a f t .  
Include mi l i t a ry  systems, launch vehic les ,  and commercial ve- 
h i c l e s .  Invest igate  and e s t ab l i sh  the  abort  a d  crew escape 
c r i t e r i a  f o r  d i f f e ren t  points  on t h e  f l i g h t  t r e j e c t o r y  from 
departure through landing. Consider e i rborae crew escape, ground 
crew/passenger escape, crashes/egress over hot s t r ac tu re ,  and 
fuel s torage /d isposd .  
Invest igate  methods t o  provide t h e  necessary procedures, vehicle  
cor-cepts, and devices t o  a t t a i n  a l e v e l  cf safety consister-t with 
vehicle  mission and f l i g h t  condition. 
Evaluate procedures as they impact t h e  hypersonic a i r c r a f t  concept. 
Consider such f a J to r s  as conceDt f e a s i b i i i t y ,  aircraft design, 
vehicle  manufacture, and systems ope ra t im .  
Inves t iga ts  methods t o  adequately demnnstrate t h e  desired abor t /  
crew escape procedures and sys tem.  lerform the  experimental 
resemxh necessary t o  qual i fy  t h e  abort  procedures and escape 
methods. 
RO 96 - Define and demonstratp the  capabi l i ty  t o  stay within specif ied operat ional  
margins and not exceed a i r c r a f i  placards (i. e . ,  duct pressure,  temperature, 
s t a b i l i t y ,  dyn amic pressure,  and lcad f ac to r  lim!.ts). 
RT 96.1 - Define t h e  l i m i t s  on operat ional  parameters throughout t h e  f l i g h t  
path and maneuvering envelope fo r  dif'ferent hypersonic a i r c r a f t  
cmcept  s . 
RT 96.2 - Invest igate  su i t ab le  crew warning techniques which may a l so  pro- 
vide automatic cor rec t ive  act ion where necessary. 
ir lveetigate a t t r a c t i v e  concepts such as adoptive cont ro l ,  audio 
warning, v i sua l  presentat ion/display , and control  l imi t ing  
iievices. 
Experimentally 
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RO 97 - Develop leak detect ion methods f o r  cryop;er,ic propellant tanks.  
RT 97.1 - 
RT 97.2 - 
RT 97.3 - 
Inves t iga te  t h e  pr inc lp les  of f u e l  leak  de tec t ion  fo r  f l i g h t  
vehicle  cryogenic tankage and fuel systems and current  methods 
f o r  determination of external  leakage. Postulate  and evaluate 
po ten t i a l  cew concepts where appropriate.  
Experimentally determine t h e  effect iveness  of a cetwcrk of 
sensing systems. 
Inves t iga te  operation of most promhing systems under simulated 
thermal and mechanical environment, and sca le  t h e  system t o  
representat ive f l i g h t  weight s ize .  
RO 99 - Invest igate  techniques f o r  shortening takeoff  runs by using forced ro t a t ion ,  
including gimballed rocket and canard techniques. 
RT 99.1 - 
RT 99.2 - 
RT 99.3 - 
RT 99.4 - 
Invest igate  e f f ec t  of techniques appl icabie  t o  forced ro t a t ion  on 
t h e  overa l l  aerodynamic cha rac t e r i s t i c s  such as canards, auxiliary 
rockets , and gimbalktd main rockets.  
Analyze t h e  f e a s i b i l i t y  of t h e  technique r e l a t i v e  t o  such con- 
s idera t ions  as control  system requirements , t h s t  required and 
cont ro l ,  p i l o t  o r ien ta t ion ,  airfrarce in t eg r i ty ,  aad runway con- 
s ide ra t  ion. 
Invest igate  crew a i r c r a f t  operatioAa1 techniques which may 
result i n  shor te r  takeoff runs. 
Demonstrate techniques consis tent  with providing technology 
l e v e l  required f o r  t h e  po ten t i a l  operat ional  hypersonic a i r c r a f t  
under consideration. 
RO 100 - Develop p r a c t i s a l  ground hold methods f o r  cryogenic systems leading t o  
quick response times and high operational readiness.  
RT 100.1 - Perform systems ana lys i s  and s tudies  t o  iden t i fy  ground cool- 
dowdthermal maintenance systems s i z e  , complexity and cos t  
envelopes. 
RT 100.2 -Experimentally ident i fy  major f ac to r s  l imi t ing  flow rates f o r  
rap id  c h i l l / f i l l  techniques , including iden t i f i ca t ion  of bene f i t s  
a t t r i bu tab le  t o  p rech i l l i ng  ( o r  subcooling) t h e  f u e l ,  and +,he 
inf luence of any r e s idua l  fue l  i n  t h e  tanks after f l i g h t .  
RT 100.3 - Iden t i fy  imptct of each candidate ground system on design and 
operation of t h e  f l i g h t  vehicle:  Tradeoff ground hold concept 
vs rap id  c h i l l d o w d f i l l  techniques. 
RO 
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RT 100.4 - Demonstrate Combinations of rapid f i l l i n g  ground hold techniques 
t o  i den t i fy  most promising system f o r  shor tes t  reaction/turn- 
around times. 
102 - Develop inspection and r epa i r  techniques f o r  hypersonic veh? c l e  s t r u c t w e s .  
RT 102.1 - Compile t e s t ing ,  inspect ion,  and r epa i r  techniques so t h a t  a 
comprehensive v i e w  of t he  scope and impact of t h i s  object ive 
may be asseL,ad as r e l a t ed  t o  an operational hypersonic vehicle.  
RT 102.2 - Inves t iga te  n?ethods t o  incorporate these  procedures i n t o  a 
useful, workable program f o r  an operational system. I n  a 
simulated operat ional  s i t ua t ion ,  develop the  candidate tech- 
niques and provide t h e  required t r a i n i n g  t o  achieve an oper- 
a t iona l  l e v e l  of competence. 
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3.4 2 PRESENTATION OF RESEARCH TASK INTRINSIC VALUES - I n t r i m i c  values 
f o r  tach of t he  Research Tasks a re  presented i n  Figures 3-13 through 3-21. l%ese 
values a re  l imited i n  each case by the  i n t r i n s i c  value of t he  corresponding R e -  
search Objective . 
In  order t o  reduce researc3 requirements mechanization t o  manageable 
proportions,  the  Research Task i f i t r ins ic  values a re  summed for  each Research Ob- 
j ec t ive  t o  form a t a sk  i n t r i n s i c  value sum. .These sums a re  then used i n  t h e  
reminder of t h e  Fhase II research requirements analysis  t o  obtain t h e  r c s e s r  h 
value of t h e  candidate ground f a c i l i t i e s  and f l i g h t  research vehicles.  
3.5 RESEARCH VALUE ANALYSIS -
The purpose of t he  reseerch requirements analysis  i s  t o  provlde 1.esearch 
value inputs t o  the  se lec t ion  of t h e  bes t  combination of ground f a c i l i t i e s  and 
f l i g h t  research vehicles.  
i s  establishment of t he  research capab i l i t i e s  of ex is t ing  f a c i l i t i e s ,  consiGered 
collec%ively,  t o  s z t i s f y  each of t he  Research Objectives per ta ining t o  a partIcli- 
l a r  operational system. 
research involved i n  each Research Objective i s  aetermiijed f o r  eacn candidz-e  
new ground f a c i l i t y  and f l i g h t  research vehicle ( i E  conjimction w i t h  ex is t ing  
f a c i l i t i e s ) .  When these  percentases are combined with t h ?  t a sk  i n t r i n s i c  value 
sums, a value r e s u l t s  fo? each new f a c i l i t y  i n  relatior;  t n  t h e  tasks under each 
Research Objeckive. These values are then summed over a i l  t h e  o b j x t i v e s  applic- 
able t o  a pa r t i cu la r  operational system t o  determine t h e  f .ili‘-.y research value 
f o r  each candidate f a c i l i t y  r e l a t i v e  t o  t h a t  operat ional  . ’tx. These research 
value summations can be used t o  determine t h e  re1atS:re research aXectiver.ess 
of each ground f a c i l i t y  and f l i g h t  research vehicle .  
A n  i n i t i a l  s t ep  i n  determining f a c i l i t y  research v d u e s  
Next, t h e  percentage which can be accomplished of t h e  
3.5.1 
f a c i l i t i e s  t o  s a t i s f y  tge research requ’rements associated w i t h  each of t h e  nine 
operat ional  syst.ems i s  presentee i n  Figure 3-22, i n  terms of t he  percentage of t h e  
deql red research achievable . -. the  spectrum af  exisking U.S. f a c i l t t i e s .  These 
v i i ? ; ? s  were determined by :. - 2ial is ts  i n  3ach of t he  technology v e a z  (aercdynaaics, 
thermodynamics , s t ruc tures  and materials, p ropds ion ,  subsystem- , atid operatioi;) . 
EXISTING FACILITI5?. CAPABILITY - The ce.pability of ex i s t  iiig ground 
- 
I n  l i n e  b7ith e f f o r t s  t o  streamline and improve t h e  research value ana lys i s ,  
Evaluation of research requirements 
t he  number of operat ional  systems cons- ered w a s  reduced from Pine t o  four 
f o r  t he  remaincier of t he  Phase I1 anal:.sis. 
r e s u l t s  t 3  th4s point i n  the  s%c.i;r revealed t h a t  four  operat ional  systems, L2, C1, 
M1 and :$ we?;’e representat ive of t he  :pect’rm of nine po ten t i a l  systems. 
i s  representat ive of t h e  c lass  which elso includes C2 and covers launch vehicle  
&,stems as wel l  as Mach 8 t o  10 turbojet /convert ible  scramjet systems. 
is similar t o  L =-I represents  Mach 5 t o  7 turboramjet vehicle-; i o r  launcfi and 
commercial appl icat ions.  
c lass .  The Mach 1 2  system, %, i s  representat ive of t he  c l a s s  which a l so  includes 
L3, L4 and M3, covering launch systems Lid m i l i t a r y  a i r c r a f t  emFloying rocket, plus 
Reference t o  the  f a c i l i t y  capabi l i ty  data  presented 
i n  Figure 3-22 subs tan t ia tes ,  i n  general ,  t h i s  se lec t ion  of Fepresentative opera- 
t i o n a l  systems. 
System L, 
L 
System C1 
The Mach 4 , 5  in te rceptor ,  M1, i s  the  only system i n  ‘-ts I 
‘ s c r w e t  propulsion systems. 
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TASK 
sun 
. -  - -_  
OPEdATl9NAL SYSTEM NO. l-(l'.) 
- .. . 
08J. OBJECTIVE TASh I N T R I N S I Z  VALUFS I N T R I N S I C  
NO. I M t 4  I N S I C  V I L U  E 
5 -_.6- _ _  YALlIE . T A g ?  1 . . 2 .  3 4 
9 8 . 2  
.m. 5 
17 51.0 +&: 37.4 84.1 
1c 56.O T!-.rw-- ,1z.z 
- 22 52.6  47.1 42.6 42.6 37 .9  - ---I7904 
_ _  36.4 29.1  32.7 _- -12 - 4 F . 4  
16 5h.6 56.6 59.9 
1- 5L. 49.3 54.8 114.1 
142.2 23 39.5 9905 35.5 35.5 31.6 
24 56.5 50.11 56. 5 101.3 
132.2 
55.3 
25 45.9 33.f' 36.7 29.6  33.@ 
26 44,R 4 9  .I -ma-- 134.4 
27 4 1 . 9  - 3 1 . 5  26.6 3 L 2  90.5 
78 73.5  '16.1 h6.l  7355 - -  ---735.u - 
37 57.8 37.C 46.2 32.4 115.6 
-3F-- - -  3a;i - - - -  * Z T  4t.b- 32.6 ~ -74x.c- 
. .  
- -  
33 61.6 4 9 . 3  39 .4  49 .3  138.0 
34 T . 9  6 3 0 8  56.7 5 6 7  T 3 . a - T . 7  312.0 
35 36.5 29.6  32.a 
3h 61.5 4L.3 49.2 39.4 
30 37.4 33.7 w - x . 3  
39  4 1 . 3  33.r 2 9 . 7  
- .. 
62.4 
n2 .a  
94.7  
--.--€2*3 
_ _  
47 59.- 42.5 47. R 53.1 143.4 
rl 51.4 51.4 46 .3 ' 7 .  r 
42 c7.5 670 5 62.5 
254.1 43 7 0 6  65.3 5 h l  72.6 511.1 
44 64. R 52.5 5e.3 110.8 
45 64.0 $7.6 46.1 51.6  40.3 - -  - -1m.a  
46 51.4 43 .3  311.4 33.6 48.1 163.4 
-4B 66.C 52.1 6 6.0 46.2 5 9  .4 4 . 2  27006 
58.3 37.3 42.0 66.6 1 2 5 . 9  
3 m . 9  57 68.11 $5.6 55.C 48.2 61.9 6R.8 61.3 
50 64.4 . - .  46.4 52.7 5n.r 156.5 
59 67.4 5 3 . 9  C3.9 bC.7 53.9 67.4 63.7 3 5 5 . 5  
61 52.5  37.8 47.2 85.0 
65 58.7 47.5 47.5 52 .8  147.9 
. .  67 55.4 47.1 47.1 53.0 S & 9  2J6.0 
68 4-. 3 20.0 32.7 25.8 87.0 
6'3 7 6 . 9  75.8 3 L c ?  33.2 95 .9  
73 46. L 3L9 41.5 5 6 1  124.5- 
71 33.4 24.c  30.1 21.0 10.3 21.6 114.2 
72 36.6 25.6  23.1 17.9 b6.6 
- 
- 
-52 _ _  
_ -  
.. 
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RESEARCH TASK INTRINSIC VALUES 
opEwnoliAL SYSTEU NO. Z-(U 
-?Sa- _ _  ~ 
OIJ. OWJECTIVF 1 4  SK I N1R I W SI C VALUES INltIWSIC 
NO. I N ~ S I C  VLLDt 
- V U " €  rr== ! ._-z - 3 _.- 4 5 ~ 6 SUM 
32 58.4 47.3 b2.P 52.6 141.9 
33 61.6 4-3 39.4 49.3 130.0 
63.8 5 6 7  56.7 63.8 70.9 312.0 
35 36.5 62.4 
132.8 61.5 41.3 49.2 39.4 
--Hi7 -3KT 3a3 3q 37.b 02 
19 41.3 31.F 29.7 62.8 
b* 59.n 42.5 47.1 53.1 143.4 
97.7 
T . ? i - -  
41 51.4 51.4 4 6 3  
42 62.5 62.5 
251. 1 43 72.6 6 5 3  58.1 72.6 5 6 1  
52.5 58.3 .~ 44 64.8 1lP.S 
c5 64.3 57.6 46.1 51.8 M.3 195.8 
46 53.4 43.3 38.b 13 .6  48.1 1b3.4 
48 66.6 53.3  66.6 4 6 6  59.9 4b.6 -, 273.1 
52 58.8 31.6 42.3 47.0 
63 12.4 5T.9 -57.9- 65.2 65.2- 72.4.- 6 S . T  383.7 
63 52.3 37.7 47.1 84.7 
65 5n.i 47.1 47.1 52.3 l6b.4 
67 650 6 47.2 i7.2 53.1 5+0 - 206.6 
6 1  a s 3  ~ 2900 32.2 25oa 111.0 
95.9 
7') 460 1 - -  36.9 4l.J 4 b 1  
71 33.4 24.0 30.1 21.0 18.3 2 L O  116.2 
72 36.6 2 S 6  23.1 11.9 66.b 
75 45.0 123.7 
77 211.5 16.0 ib.0 l a 2  20.5 22.8 93.5  
78 39.5 35.5 32 .n ta .4 m e  - 
I 9  29 .9  18.8 21.2 26.9 70.0 
8 1  41.0 3208 36.9 3 4 9  41.3 147.6 
82 32.8 26.2 2 b , 2  29.5 32.8 114.8 
13 38.7 21.9 x . n  62.7 
-~ 87 37.q 3q.3 27.3--2-+3 21.3 10902 
69  42.7 3')-7 34.6 la4 113.8 
94.9 
35.5 35.5 31.5 39.4 
93 29.3 23.7 23.7 2604 21.1 
94 39.4  141.8 
96 35.1 2503 31.6 56.9 
97 36.4 26.2 29.5 32.8 8R.S 
. rc.0 - 3 4  _ _  
-36 .- 
-%.~@ -~ 
- ~ ____ 
_ -  
- _ _ - _  - 
- R r  
- 53 05.1 - 46.9 52.7 5 6 a  158.2- 
.~ __  - - 
- 12-
69 36.9 2-+8 -359 3302. - 
73 41.9 n . ~  2b.4 37.1 94.3 
3b6 -41*-2-- - -  -- 
- 
-~ 
6r.s 39en - ??e 5-- - . - __ __ - _ _  112 37.5 
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RESEARCH TASK INTRINSIC VALUES 
- .  
OpERAnollAL SYSTEM no. 3 4 3 )  
-~ 
f ASK 
"8J. O I J K T I V E  TASK IMTRXWSIC VALUES I N T R  I NS 1 C 
Yo. t k n  WSIC VALUE 
suly 5 .. ___ 
1 511.1 52.3 36.6 26.1 41.8 41.8 26.1 224.8 
2 5n.n 52.7 47.0 41.8 41.8 - 7 1 R . 7  
4 53.5 5q.5 41.6 1bF.6 
3 15.9 77.9 C3.h 5 6 0 7 - -  191.4 
66.1 
156.9 
193;7- 
5 -  58-1 - 5d1- 46-5 52.3 _. 
6 56.2 45.n 56.: 51.0 45.3 
95.4 
42." 43.6 44.6 3 % 7  3.9 
1n 48.9 44.4' 30.6 83.6 
11 53.5 42.e 53 - 5  40.1 42.8 187. 2 
154.7 
- -  l51.3 
4 -~ VALUE. TAW.:-l -~ 2 -  3 .. 
- 
0 
. . 7 59.0 42.4 53.0 
- _  - 55.3 iQ.7 40.7 J -  61-4 _ _  - . . -  
- 1 9  - 41.6 37.4 ac.0 33.7 1-1.1 
16 57. n 57.8 52.- --n9.s - 
17 53. 2 47.9 3 t 3  86.2 
1 8  36.4 -3-I.c. 27  .om----- 86.7 
94.6 
2- 5% 8 49.3 5 4 . 8  17re 1 
170.1 
23 19.5 39.5 35.5 35.5 31.6 142.2 
24 5b.5 5J.8 5 6 5  137.3 
25 45.0 33.9 3t.7 2 sT---Zn- 132.2 
134.4 
93 :?i 27 4l.Q 330.5 76.8. 3 % 2  
235.8 
-115.3- 3- 57.8 -37.6 - &2---*2;4-  
32 5804 47.3 42.9 52.6 141.9 
33 11.6 49.3 1 0. i 4sT----- - 138.P 
-34 E:. 0 63.1 5607 6 6 7  63.8 7G.O 312.0 
39 36.5 27.6 32.8 62.4 
Xh 61.5 44.3 40.2 39.4 132.8 
3* 37.4 33.7 30.3 39.3 94.2 
30 61.3 3tC. 29.7 62.R 
*3 59.? 42.5 4% -6-1-- ~ --.-- 143.4 
*1 51.4 51.4 4 6 3  -~ 97.7 
42 12.5 62.5 62.5 
44 54. b sz.5 Sb.3 1n:8 
14 u.9 la.; 4t.q- -~ 32.7 -4tl.4 - -  
. - -. 50.4 52.4 42.C -1: - 
- ~- - 22- 57.6 47.3 42.6 42.C 37.9 
- . - - - - -. --. 26 55.3 -~ _ _  44.8 49.8 3 3 *  
. _  ? I . 73.5 h b l  C.bl 73.5 _ _  
43 17.6 65.3 5b. l  72.6 58.1 254.1' 
45 U.'. 57.6 4 t - 1  51.8-4S.3 195.8 
cs 53.4 43.1 38.4 -%k Gm-1-  - 163.4 
5n R4.5 6'oR 6 b . 4  76.6 275.3 
62  54.1 37.9 48.7 5 4 1  146.7 
64 49.5 15.6 4r.l 44.5 120.3 
6* 4?.3 29.F 32.2 7 5 . C  r7.0 
b9 37. 2 26.m 57.2 33.5 9h.7 
7 3  47.5 31.2 26.5 3 r  -- 94.5 
75 +6.5 37.2 4 6 5  4 i . R  125.5 
77 27.7 15.5 15.5 17.7 19.9 22.2 9c.9 - 78 w. * 36.7 37.E 2 5 +  99.1 
79 3f .5 19.2 24.7 22.4 7-1.4 
I ?  41- 5 33.2 37.3 37.3 41.5 149.4 
n2 32.6 2 6 1  2601 24.3 32.6 114.1 
63.3 
- 
-33 -  - 39.1 . __ 28.2 35.2 . 
87 3c.3 31.2 28.1 25.C 28.1 11r. 3 
89 -4?.2-.---31! 2- E! - 3 9 . 0  m . 2  
Q3 3p.5 24.7 21.7 27.4 22.9. - -  98.8 
96 35.9 25.8 32.3 7.2 
21- - 3 7 . s .  - ~ Z 7 . c  - 3%4- -33.7 91.1- 
99 w. 6 27.5 24.5 21.4 3fb6 134.0 
192 3=- _ _  3 3 . 6  36.3 . . - . . - . - . - - . . . 
94 w. 3b.P 36.n 32.0 4c.3 144.0 
68.9 
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FIGURE 3-16 
HESEARCH TASK INTRINSIC VALUES 
OpERATlOluL SYSTEM NO. C(L4) 
~-TISll 
Mu. rvrrrmnc VPUt 
-. - ~ - -______  
0-J. OBJECTIVE T A U  IWTRIWSIC VALUES t N t  I INS I c 
V U U E  TAW= 1 2 4 5 6 sun 3 ~ ~ . ~ -  
L 52.3 3606 2 6 1  41.8 41.8 25.1 224.8 31-.! 
7 - .  - -5s.- ?*.Z 67.0 -61.6 41.8 - - * -  ~ ----- 182.1 
3 ir.5 --.9 63.8 5 d 7  191.4 
4 bb. 1 53iT 3y.3 4r.o lW.0 
5 51.1 5 t I  S b 5  52.3 156.9 
-a- - - 3 . 2 -  ~ ~~ 4 w  33-i-i-%r4s.u- 6. 7 
7 58.9 42.4 53.0 95.4 I ~ - - ~ c  - - - 
1JI .V  
19 48.9 4bC' 39.6 83r6 
11 53.5 47.8 53.5 4 5 1  42.0 1or . t  
12 61.4 5 5 3  49.7 -49 .7  154.7 
7 - U G T  3b.s 4r.q 32.c 4rl.v 131.3 
15 41.6 37.4 30.0 33.7 101.1 
y-- - 52.0 1 lY .B  
17 53.2 47.9 38.3 rr.2 
10 34.4 31.r' 27.9 Z l . 9  8bo I 
19 58.4 52.6 42.0 94.6 
-m---?%x 4 4 3  xu--------- - -  __ 17% 1 
22 52.6 47.3 42.6 42.6 37.9 170.4 
-2- 39.5 ~ T - - 3 ? i a - - r r ; T 3 l . 6 - - -  142.2 
24 56.5 53.1 5f.S 137.3 
25 45.9 33.F 36.7-4 33.0 132.2 
26 55.3 4 C 8  49.8 39.8 134.4 
- . U - - - r  -27--  -41.9 90. 5 
28 73.5 615.1 66.1 73.5 295.8 
7 - -  T O U  37.0 46.2 320* 113.0 
32 58.4 47.3 42.0 52.6 141.9 
33 b l o b  4993 39.4 49.3 lJ8.W 
34 w. 9 E L 8  5 6 7  56.7  63.8 70.9 312.0 7J -- - 76. .- - ~ 6 ~ . l l - '  - . - . . - - - - I 
b Z . 4  
36 61.5 4 C 3  49.2 39.4 132.8 
-qi - - - -37 .4  - - 3'47 3F 03 3 & - - -  - - -  -- - 94. 2 
39 41. 3 33.0 29.7 62.8 
40 59.0 42.5 47.8 53.1 149.4 
97.7 
6 r  
.~ 41 51.4 51.4 .4%3_ 
62 62.5 6 Z 5  
43 72.6 65.3 58.1 72.6 50.-1 254.1 
-K& - 64.8 - - - - -57.5 - 56;3 l l 0 . U  
45 64.0 57.6 -1 51.8 4&3 195.8 
46 53.4 43.3 3 8 4  33.b 4 U . l  lb3.4 
4n 73.7 59.e 73.7 51.6 6.3 51.6 332.2 
58 m.P f(L4 56.7 63.P 170.1 -4r - n.a - n . 4 - - - 5 a c  e L 7  35.7 73-x - a 7 3 0 7  3w.v  
62 41. n 29.3 37.6 41.8 111.7 
T 41.6 44.4 55.4 W O O  
88.9 64 36.6 26.4 29.6 32.9 
--65 66.9 51.2 U . 2  6;22 16006 
67 73.1 52.6 52.6 59.2- 65.1 230.3 
61 39. b 28.5 31.7 15 .3  85.3 
69 36.5 25.5 3b.5 32.0 94.9 
m 450 Q 3 6 7  41.3 45.9 123.9 
92.7 
7s  -1ZZ.r 
73 410 2 29.1 26.0 37.1 
4s. 3 3 6 2  45.3- -4OTK- 
19.8 22.9 90.2 - 
78 39.3 35.4 31.6 2 h  
77 27.5 15.4 15.4 
v>*5 
79 3CI.n 18.Q 24.3 27.0 70.2 
p uJ.5 32.6 3t.4 36.4 49.5 14% 1 
12  31.5 25.5 25.5 2 L 7  31.9 - 111.6 
83 311.1 27.4 34.3 b1.7 
87 39.0 3102 2 6 1  2'S.O 28.1 - 112.3 
s9 43.3 31.2 35.1--3'&T 105.2 
93 3u.5 24.7 24.1 27.4 22.0 98.6 
V I - a . * -  3 b U  360.' 32.0 40.0 1*4.u 
96 35.9 25.1 32.3 58.2 
7: 37.5 27.n 30.4 33.7 v1.1 
10%0 -. 99 . .J*.J- 6 - --lm;6 27.5 - 24.5 ~~- . 21.4- . 3n.h 
- -  
- - . ~ ~ 6 - .  ~ . 7k7- - 
--. . - - . 
- 
. -  ~ - - . - __ __ 
m- - _ _  --- 61.t 63.3 40.T % Z  
. . -  
_. _ _  . 
17.; _ _ _ _ _ ~ _ _  
-- 
- - - _ _  
bI.9 
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FIGURE 3-18 
RESEARCH TASK INTRINSIC VALUES 
OPERATIOMAL SYSTEM NO. 6- (a) 
- 
DOJ. OBJECTIVE TASK I M l l l I M S l C  VALUES INTRIMSIC 
*a THTnTfmc 
VALUE TASK- 1 2 3 4 5 6 SUI1 ________ 
1 58.3 52.5 36.1 2h.2 42.0  42.0 26.2 225.6 
3 tl. 1 7\01 6*.0 56.9 192.0 
m. 1 5 % 5  5V.5 *lob lW.0 
5 57. a 51.8 4 c z  52.0 15 6. 1 
-6 55.5 44.4 A 5  6- --ua-- 19%Z 
50.1 41.8 52.3 9*. I 
~- - * r ; s - ~  -_ 133.- 
12 w. 0 5 C 7  4%2 49.2 153.2 
14 39.9 3 5 9  39.9 31.9 3-09 141.b 
15 41.0 3 d 9  29.5 33.2 99.6 
16 7 W F ' e O  51.3 
it 52.1 46.9 37.5 8 b 4  
V . F - - -  29.6 26. n - b  - -__- -7r 
19 51. I 52.E 41.6 93.6 
22 50.8 45.7 41.1 41.1 3C1 164.6 
T - - - S . 9  -3- -- - 104.3 
25 43.0 3L@ :C*z; 123.8 
26 54.6 h'. 2 132.7 
27 M . 2  32.2 25.7 20.9 86.8 
28 13.5 sal 
35 57.8 37.0 4682 32,* 115.6 
7 - 5 0 . 4  41.3 u e 0  Sf.6 l*l.9 
33 61.6 49.3 3 4 4  49.3 138.0 
34 rn. 0 63.8 %e1 -+6;r 63.8 70.9 312.0 
62.4 35 36.5 29.6 32.8 
36 61. 5 44.3 40.2 3 % 4  132.8 
33.1 319.3 30.3 94.2 
39 41.3 b2.8 
43 59.n 4205 47.8 5%-I 143.4 
41 n.3 -- 51.4 46.3 97.7 
43 12. 6 65.3 5 k 1  R o b  S b l  
42 62.5 62.5 62.5 
.I 
44 64.8 52.5 5 5 3  110.8 
45 ~ . t j - -  - -  sr 06 46.f-5Gl e.3- -- --- T9Er- 
46 5 3 ! L  - 4 3 . 3  3%.* 3306 48.1 163.4 
-5-74-K-2 -b3.T- 43.2 -. 48 rn.3 7 6 . 2  7 0  211.2 
13504 
55 31.1 22.4 19.9 24.1 17.4 
52 62.7 47.1 4%1 5 4 2  
8Q.b 
58 69. 1 4 9 . 8  - ~ -  %Do . - '~ 62.2 4 - - ._ 161.9 
bn 16.9 63.8 a 4  f Z . O b ? G T  402.8 
6 3  58.5 42.1 52.6 94.8 
65 64.4 s2 .2  52.2 
61 69.5 57CO 5c.O 5 6 . 3  62.5 218.9 
ba w. 8 29.4 32.6 26.1 11.1 
97.2 - 19 46.4 37.1 41.8 4 & 4  
r i  2403 3 0 . 3 - -  21.2 1 L 2  - 2!.2 _ _  _ _  . 115.3 - 
72 31.6 67.3 
1 3  47.4 30.5 2 b 7  3 6 2  95.6 
74 32.0 23.6 25.9 2t4.e ?7.8 
75 46.4 31.1 4 6 4  41.8 125.3 
r t  20. r 1 C  2 l b T T ' C - 6 C  .2&9-- n.2' -- -pI;Ir 
re 39.9 35.9 32.3 2 L I  9t.e 
79 w.3 19.1 24.5 2 t  03- --- l U R - d i - -  
8fl 41.4 33.1 3703 37.3 41.4 149.5 
I2 33.3 26.6 2606 3 C O  53.3 iX3- 
I 3  39.1 20.2 35.2 63.3 
or 37.9 33.3 27.3 2 C . 3 0 3  4- 
103.8 
71- 
.- 9 42. 7 39.7 34.6 3 L 4  
v3 29.3 23.r 23 
94 39.4 35.5 3s.5 31.5 39.4 l + l * 8  
96 35.1 Z k 3  3106 I r 6 i .  
97 36.4 26.2 29.5 32.0 . 88. 5 
102 3r. s 39.0 31.5 b7.5 
-2--57 - 6  T 1 ; 8 - - 0 7 -  -&1.-5 '+l.J-- - 
5 
r - 
n 53.5 w.1 53.5 131.0 
- 
___-_ 38 31.4 - .-31.6-' _ _ _  . . -_ - - 
- 
___ 
-- 
-___- 
-0 
rao _. . _ _  -~ 
- 69 __ .__ 37.4 - .. - 2 b 2  37*-_3307 - - - -  -- -2 3 3  z.r.7.  __ 
- 
r 7  2 x i T - Z G r -  
- 
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FIGURE 3-20 
RESEARCH TASK INTRINSIC VALUES 
. 
OBJ. O@JECTIVE TASK IMTIINSIC VALUES I WTU INS I c 
MU. INTn-msIC V A L U t  
4 5 6 SW 2 3 VALUE TASK= 1 __ - 
'. 5 
F.3- - 2 4  6 
12 
84 
1 58.3 52.5 36.7 2b .2  42.0 453_--26.2 225.6 
192.0 3 71.1 11.1 64.8 56.9 
4 e6. I 3 ~ 3  3y.3 4r.e lW.0 
5 57. 8 57.8 46.2 52.0 151.1 
-7- r-.  3 3  x94. z 
62.- W -v- 133.9 
12 W.8 5 4 . 7  49.2 49.2 153.2 
14 39. 9 35.9 39.9 31.V 39.9 14 roe 
15 41.0-- 360.9 29.5 33.2 99.6 
84.4 
- - B r  
17 52.1 46.9 3 
T- - - -32.9 - -  - -24.6 -2 
19 57.8 52.0 4 93.6 
23 53.5 51.1 5 
9 . 0  45.7 4 
..~ 24 
31.0 3 
x4.z 4 26 54.6 
27 40.2 32.2 2 
28 73.5 66.1 f 
33 57. 8 37.0 4 
T - -sa-.*-- n.3- 7 
33 61.6 49.3 3 
- 3 K - - - n Z s x n  
--LE 4 ~ 7 -  - - a 5  61.5 04 -F-- 57.6 
7 58.1- 41-8 52.3 94.1 
~~ 4*;.~-. ~ - T  _-  - -- 
-- 
- 3 6  57.0 T 7 . n  51.3 138.3 
- - . - - - 
--2!-. - . . ~ 4 ~ 9  - - - - -6~o-4 
__ 2s 43.c . 
~. z 
35 36.5 29.6 32.8 6 2 ~ 4  - 
36 61.5 44.3 4902 3%X i3z.m 
33.7 3C.3 94.2 
3Q 41.3 62. I 
97.7 
143.+ 42 59. n 42.5 47.8 530! _ _  _ _  
42 62.5 62.5 62.5 
-*3 72.d 65.3 51.1 72.6 5 L 1  Z34. 1 
110.8 
45 66.- 
46 53.4 43.3 38.4 33.6 48.1 163.4 
49 - 73.7 S%.b 73.T T . 6 -  66.3 SI;&------ 332.2 
52 67.7 43.3 411.7 54.2 146. 2 
58 m.s 51.4 56.7 63.0 I IW. 1 
61 73.4 5 6 4  58.4 6507 65.7 73.? 65.7 3qb.9 
62 41.0 2 4 3  37.6 41.8 
99.0 
64 36.6 26.4 29.6 32.9 09 
65 66.9 54.2 54.2 6&2  168.6 
67 73.1 52.6 5 . 59.2 65.8 230.3 
6 0  39.9 20.7 31.9 25.5 36.2 
69 37.P 2 5 9  31.0 33.3 -9-;r - 
124.7 w- 7r) 46.2 3T.e 41.6 46.2 73 41.5 29.9 26 .1  37.3 
74 31.3 22.5 25.4 28.2 76.1 
75 4b.c 34.1 46.0 41.4 124.2 
93.1 
78 39.6 3 5 6  32.1 2 t 5  96.2 
71.6 79 30.6 i9.3 24.8 27.5 
32.6 26.1 26 .1  29.3 32.6 114.1 
38.2 83 27.5 34.4 61.9 
n5 39.1 31.3 39.1 15.2 19% 6 
n7 3% 6 31.7 2 C S  25.3 28.5 116.0 
89 43.2- 3:. sa. *4 3 4 3  196.2 
93 30.8 24.9 2 4 . 9 - - 2 T T T T  -vB;6' 
94 40.9 3 b 8  36.8  32.7 400.9 147.2 
96 36.4 2 6 . 2  32.1 '19.0 
97 37.9 27.3 30.7 3401 92.1 
99 31.3 2 L 2  25.0 21.9 31.3 i n w  
102.1 . mc- "2  01 . l  
-?* - . 37.4 - .. --)u~ .~~ ,-.- 3 5 3  ._ - . .- 
- -- 
5i.4- - n r 4 -  -56.3 - -- 
w..n 52.5 50.3 _ -  
_ _  
41 
-.-SO 37:b -  4b.L -- 4&3 -45 
m. r- 
- .61 61.6 44e4 5Si __  
. . . - - . -. - -  
-- 77 28.6 . L b ? J -  16.0 -16.3 Zb.6 22.9 _ _  
-r 4n.e 32.6 3b7 WGT 40.8 - - - - 7 6 - G q -  . -- -. ... ~ 
82 - 
~ . -  
- 
-i. 1@9 .-- . -~.9 32.4 .. ~-~~ 27.3 .-.59 2 b 2 -  -230% 29-2- - 
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FIGURE 3-21 
RESEAHCH TASK INTRINSIC VALUES 
OpEmnmL SSSTEIII NO. 9-m 
T B K -  - 
- _____ - .. - .  _-._____I_ __- 
OOJ. OBJECTIVE 'CASK I H T R I N P C  VALUES INTRIMSIC 
No. I W T R I I S  tC VlRUE 
sum . VALVE . - !!!!E!--- 2 5 6 3 _ _  .--? - I___ 
1 58.3 52.5 36.7 26.2 42.0 42-0 26.2 225.t. 
7- - 7 7 . 6 -  - - 51.8 44.7 41.5 41.5 . - m . c  - 
3 71.1 71.1 t4.0 56.9 19 2.0 
4 66.1 5305 59.5 47.6 1bll.6 
57.8 46.2 52.0 156.1 
l3Qs;z- 
5 ~ 5 s .  
6 55.5 44. 4 
94.1 
P 13T.V - 
7 5% 1. .. 
62.f 49.6 a . 6  38.7 
12 5n.r 54.7 49.2 49.2 153.2 
14 39.9 35.9 39.9 31.9 39.9 147.6 
36.9 29.5 33.2 99.6 15 
16 57. n 57.0 51.3 8.3 
84.4 
~---BzT-. 
4 6 ? ! - 2 ? * 5 L  . . ~  ---5-2- I ?  1 .- . . - - 
18 32.9 29.6 26.b 2bsb 
19 57. n 52.0 41.6 93.6 
T 53.5 41.1 9 . 5  1q1.b 
164.6 
-n&T - 22 W.8 *1.!--?!*.! - 36.6 24 54.9 49.4 54.9 
25 43.n . 31.0 35.4- -27.5 . 31.0 _ _  - 123.1 
i-7 -- 26 54.6 i i 2  49.1 39.3 
28 73.5 a .I 
ss-o-5. .-4~,-9. ~ 0 4  - - - - _- - -. - _- 
__ _-- . . -. 41.8 -.- _ _  52.3. __ - 
41.0 ___- ~ 
- - - . - _. -  - 
- - - - - _- 
~. -
27 VI. 2 32.2 25.7 28.9 86.8 
115.6 
32 51.4 47.3 42.0 52.6 141.9 _ 33 61.6 49.3 -. 3 9 3 t  .--k9.3 130.0 
- 3 R r  3+ 70.9 63.8 56.7 5 6  ? - - 7 3 T R - - - T w - - - -  ~ 
35 36.5 23.6 32.8 62.4 
36 61.5 44.3 49.2 39.4 132.8 
-I!! . . 37.4 . 33.7 _- -3C.T- 3 6 3  . . -_ __  - 2 4 . 2 - .  
39 41.3 33.C 29.7 62.8 
143.4 - 4n --. . - - 59.P __ -42.5- 47* . 53.1 .. -. ~ ~- __._ 
41  51.4 51.4 46.3 
42 62.5 62.5 62.5 
43 72.6 6503 58.1 12 0 6  58.1 254.1 
110.8 
45 64. n 57.6 46.1 51.8 40.3 
_ . A b  53.4 . __ 43. 3--3!.f. -33.6 . 48. 1 163.4 
48 73.7 59.0 73.7 51.6 66.3 51.6 
52 67. 7 43.3 4e. 7 54. 2 146.2 _ _  
. 30- - . 57.3. . . . . . --?!*a. -?*t - .%!. . . _ _  _ _  _ ~ _ _ _ _  
9 i ; t -  - 
- -  mx- 
332 - 
--%4 .- 64.8 ~. - 5_2,5 58.3 . - - . . - 
58 7c.p 5n.4 56.7 63.0 170. 1 
. 63 .~ 61.6 - -. 4 6 4  -55.4 . . 99.0 -. 
3 J  _ _  73. Q 59.4 58.4 .65.7 65.7 i J . 0  65.7 _ _ _  - _ -  386.! - 
62 41.8 24 .3  37.6 41.8 108.7 
64 36.6 26.4 29.6 32.9 88.9 
65 66.9 54.2 54.2 60.2 168. 6 
6 7  73.1 52.6 52.6 59.2 65.a 
61  
69 37. 0 25.9 37.0 33.3 96.2 
124.7- 
93.4 
70 . 46.2 - - 31.0 51.6 46.2 
73 41.5 29.9 26 .1  37.3 
74 31.3 22.5 25.4 28.2 76. k 
7 5  46.0 3 6 . 8  46.0 41.4 124.2 
93.8 
9 6 . 2  
77 
78 ~ 9 . 6  35.6 32.1 28.5 
- 79 3n.6 19.3 24.8 i 3 - 5  71. 6 
89 40.8 32.6 36.7 36.7 40.8 176.9 
n2 32.6 26.1 26.1 29.3 32.6 114.1 
83 38.2 27.5 34.4 61.9 
-_ 85 - 39.1 31.3 39.l 35.2 135.6 
I 7  39.6 31.7 2 0 0 5 2 5 . 3  -Zd.S- m4a- 
ns 4 3 . 1  --3h5- L5*  4_-. '9.3 1.3 6. 2 
93 3-08 24.9 24.9 27.7 22.2 9 9 . r -  
94 $0.9 3 6 8  36.8 32.7 40.9 14 7.2 
96 36.4 2602 32.0 59.0 
___-__ 97 37.9 27.3 M e 7  ?4.1 92.1 
99 31.3 29.2 25.0 21.9 3 1 . 3 -  106.4 
39.9 28.7 31.9 25.5 - .. .. .. ._ - 8 P . z - _  -_ 
. .- __ -- - - 
-- ?8. 6 1bO- ._l6.O J8.3- 2P.6 ~ 22.9 _. - - 
10- 32.4 2 % 3  2 L 2  23.3- 29.2--._ 102.1 
1- 2 39.1 -3L3 -39.1- - Tn.lr 
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FIGURE 3-22 
PERCENTAGE OF RESEARCH ACHIEVABLE IN EXISTING FACILITIES 
- -OPERITIQXAl  SYSTEM - 
LI--u- . - _ L 3 . L I - t l U _ ~ m ! -  "2 --. 
1 2 3 4 5 6 7 8 9 
1 53 45 53 45 7 2  45  45 
2 4 3  36 36 36 43 36 56 36 36 
4%/ 
-1-..*3- 20 28 28  __ 3 28 56 28 28 
4 3 1  31 31 31 37 31 48  31 31 
-. 5 2.C . . 31 - - -31 31 3 1 _ _ - _ _ 1 1 - - d .  - . 31- __ - -3J _ _  
6 43 36 36 36 43 36 56 36 36 
43 31 31 31 43 31 56 31 31 
0 3 1  31 31 31 31 31 48 31 31 
t 
-_1p___a4.-- 1 k  ----.24 o o o - -  0 
11 45 45 45 45 0 0 0 0 0 
-lz_ - _ _ _  _ _  -3-7: 23- - _ _  23 _ _  - . . 2 3 . . - 3 1 2 3  4Q- _. 23 23 
14 31 31 31 31 31 31 31  31 31 
15 23 23 23 23 23 23 23 23 23 ' 
16 33 23 23 23 33 23 43 23 23 
1 27 23 23 23 21 23 35 23 23 
18 . o  40 40 40 0 40 0 40 40 
28 19 - ->Q.2e- - -2 !% - _  . -18 ____ 5 0 -  28 65-- 28 ___ 
20 35 21 2 1  27 35 27 40  2 1  27 
i ; 3  27 27 27 35 21 40 2 1  27 
23 50 3a 38 38 0 0 0 0 0 
-&-- - A - z v -  27 2 1  - - 35- 27 40. 21  27 
25 35 21  2 1  27 35 27 40  27 21  
40 27 21  -& -21 27.- . - ZT-. - - . 3 5 -  2 7 -~ 
27 76 47 67  47 76 47 85 1 7  47 
23 46 35 35 35 46 35 0 35 35 
30 80 80 80 8 C  80 80 W 80 80 
33 53 34 34 35. 53 34 7 4  34 34 
35 34 26 26 2b 34 26 48 26 . 26 
OBJECT1 V E 
- - - 5 0 3 8 -  36-. - 3 - _ 9 0 - 3 e b 9  3 L - -  31
3 h L  16 80 -16.. - dp 16 80 16 ___ 16 
36 40 31 31 3L 40 31 56 31 31 
38 36 36 36 36 36 36 0 36 36 
-3%- 5L -57- --7-.. _ _  - 57 51_ 57 -51 57 5 7 . -  
50 51 57 5 1  5 1  51 57 5 1  5 1  57 
4 1 - - . 5 7 - -  -57 ----5l _ _  . __5?_- _-.51- 57 _ _ _ . _ _ ~  57 57 
4 2  42 32 32 32 42 . 32 58 32 3z 
43 6 5  '5 35 35  63 35 64 35 35 
44  57 44 44 *4 57 44 80 44 44 
3. . _- -37-S.--+4. - .4+. -57. L-.- .9Q .--44 44  
46 45 35 35 3s 45 35 6 4  35 35 
5 f 1 R -  _ _  --Q. Q Br.  _ - 1 s - . 5 7  8 _- 8 
52 53 19 0 21 53 19 113 21 21 
5- 
57 40 0 0 0 40 0 70 0 0 
&.-- --ZC- . SL-.. - 9Q .. . ._.54- _.-7.O- 90 - TO S O - -  50 
59 2 3  0 0 0 23 0 40 G 0 
--A61 L 2 L - L  9 - . .-o---u. ---Q----O-O 
2 . 2  a 0 30 30 0 0 0 30 30 
63 s7 22 0 8 57 22 5 1  8 8 
-61--.-.--.9---9 dl - -. -. AL. .--A L - - O  b1 61 - 
65 57 12 0 10 5 1  12 57 10 10 
-4L 4.0- ____le- --.A 1' __uL 2 0  _ _ _ _ . $ 0 _ 1 l _  13 
6 8  90 90 90 90 90 90 0 90 90 
69 17 17 17 17 17 11 0 17 11 
10 47 29 0 20 41 29 0 20 20 
71 95 95 0 0 95 - - 9 5 .  - - 9%. .. -. P - 
12 40  $0 0 0 40 40 40 0 0 
- 73  .-39 . - _-19-.- .. 89 a9 .--a9 (9 .. - .  0 89 89 
74 0 0 0 0 100 95 0 100 100 
75 27 27 27 27 27 27 0 27 27 
17 100 9 5  89 89 100 95 100 89 89 
78 50 . -47 . _ _  95 45 . _._-. 41 *-Q -43 45- 
19 100 95 89 100 100 95 100 100 100 
--.EO loo 95 -. 89 . 3 9  IpIL--- -9% ---lQQ B9. .  8 9 -  
83 100 95 8- 89 100 9, 0 89 8 9  
84 0 0 0 0 0 0 100 0 0 
65 0 0 .  - . - o .  . - 0  - . - L - O  4 3  --1c- .ID__ 
87 14 11 12 12 14 11 11 12 12 
89 12 9 .IO 10 12-  _--9 ?-- .. -11- - 10.- - 
93 57 57 51 57 5 i  57 57 57 c7  
96 20 15  17 17 24 15 31 17 1-?- 
96 15 12 12 12 15 12 19 12 12 
91 .30 - 30 - 3 0  -. .3P 3 - A U L -  -.Lo 3- 
99 0 0 15 15 0 0 0 15 1 s  
100 Q .. 3.- . -0 . ~ 0 --.0---~-.&18-- 
102 70 10 T O  70 TO l o  70 10 TO 
3-7 3 
61 C 0 0 11 0 0 0 17 . 17 
82 100 1OG 109 1co 100 10: 100 100 100 
CWCDOCVCVRU A#- 
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME!II PART I 
3.5.2 
ground f a c i l i t i e r  and f l i g h t  vehicles i s  presented i n  terms of t he  percentage of 
research included i n  t h e  tasks  under the  Research Objectives which each candidate 
f a c i l i t y  ( i n  conjunction with ex i s t i cg  f a c i l i t i e s )  can achieve. 
t he  research capabi l i ty  or' each new ground f a c i l i t y  and each candidate f l i g h t  
f a c i l i t y  were made by technica l  s p e c i a l i s t s ,  considering t h e  following three  dis-  
i i c c t  c r i t e r i a :  
FACILITY RESEARCH CAPABILITY - Research capabi l i ty  of t h e  candidate 
Assessments of 
Physical Environmental Simulation 
o To what extent  are key parameters (e .g .  noise ,  pressure,  temperature, 
Mach Mo. , loads,  e t c .  1 simulated, e i t h e r  individual ly  o r  i n  c3mbina- 
t i o n ,  i n  a s t a t i c  o r  time-variant manner? 
o What i s  the  capabi l i ty  ~f t h e  f a c i l i t y  t o  accommodate a w i d e  range of 
t e s t  conditions cont.ri&tiag t o  a broad res.earch base,  i n  ,terms of 
multi-point research, wide parametric var ia t ion  c i p a b i l i t y  , and re- 
search time avai lable  f o r  s a t i s fy ing  t h e  object ive as it r e l a t e s  t o  
a reasonabze research program? 
Configuration Arrangement and Size Simili tude 
o What i s  the  ca:?ability of t h e  f a c i l i t y  t o  accommodate a model o r  ex- 
perimental specimen, i n  terms of t h e  l i m i t s  of scal ing facxors,  ex- 
perimental sec t ion ,  and model s i ze?  
o To what extent  can unknown in te rac t ions  be uncovered? 
Verif icat ion and Demonstration Czpabili ty 
o To what extent can Operational f l i g h t  hardvare be t e s t ed?  
o To what extent can operat ional  f l i g h t  p ro f i l e s  and vehicle  
u t i l i z a t i o n  be simulated? 
G. To what extent can t h e  ac tua l  operat ional  f l i g h t  enviroment  
cha rac t e r i s t i c s  be proven? 
The percentage of each Research Objective which can be achieved by each 
candidate ground f a c i l i t y  and f l i g h t  research vehicle ,  aqpen ted  by the  spectrum 
of ex is t ing  ground tes t  f a c i l i t i e s ,  i s  presented i n  Figures 3-23 through 3-26 
f o r  t h e  four representat ive operat ional  systems. F a c i l i t i e s  one through nine 
a re  new ground f a c i l i t i e s ,  described i n  Section 2 ,  while new f a c i l i t i e s  i den t i f i ed  
as 207 through 284 (columns 10  through 16) a re  candidate f l i g h t  research vehic les ,  
whose cha rac t e r i s t i c s  a re  a l so  defined i n  Section 2.  New f a c i l i t i e s  i den t i f i ed  
as C/ l through C/5 a re  selected combinations of t he  l i s t e d  nev ground f a c i l i t i e s  
and a re  described i n  Section 7. 
ing f a c i l i t i s s  i s  presented i n  these f igures ,  allowing thc  incremental capabi l i ty  
of new candidate f a c i l i t i e s  t o  be determined by subtract ing ex is t ing  f a c i l i t y  
values from new f a c i l i t y  values.  
The research capabi l i ty  of t he  spectrum of ex is t -  
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FIGURE 3-23 
PERCENTAGE OF RESEARCH ACHIEVABLE IN EACH FAClLlTY 
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FIGURE 3-24 
'ERCENTAGE OF RESEARCH ACHIEVABLE IN EACH FAClLiTY 
OPERATIONAL SYSTEM NO. 5-(C1) 
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FIGURE 3-25 
PERCENTAGE OF RESEARCH ACHIEVABLE IN EACH FACILITY 
OPERATIOWAL SYSTEl NO. 7-(Nl) 
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FI iURE 3-26 
PERCENTAGE OF RESEARCH ACH!€VABLE IN EACH FACILITY 
OPERATIWL SYSTEN NO. 8-!E3 
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3.5.3 
of the  mcst tat tractive ground f a c i l i t i e s  and f l i g h t  research vehicles f o r  refine- 
FACILIT, PZSE3ECX VALYE - F a c i l i t y  research values a re  used i n  t h e  se lec t ion  
=en* I n  P..se 111. 'ihese f a c i l i t y  research values a r e  :i;-~?d by multiplying t h e  
t a sk  i n t r i n s i c  valxe sun determined f o r  each Research Objective by the  f a c i l i t y  
caDability value determined f o r  t h a t  object ive and then adding over a l l  t h e  objec- 
ti-:os which per ta in  t o  the  o p e r a t i m c  system iii qacstion. Figures 3-27 through 
3-30 FreseLt t he  prosucts ~f tssk i n t r i n s i c  value sums t i n e s  f a c i l i t y  capabi l i ty  
values. 
6ucts at the  botxom of each f iga re .  
t a t i v e  po ten t i a l  operaticxxil systems (L2, C1, M l ,  and X 2 ) .  
ic t r i lzs ic  value SUDS a.cdthr existing f i c l L i t y  valces a re  also shown et %he bottom 
of each page f o r  refe-  wnce . 
The resulting f a c i l i t y  rpsearch values are shown as t o t z l s  of these pro- 
These f igures  correspond t o  t h e  four represen- 
The t o t a l s  f o r  t h e  t a sk  
I n  each f igure,  t he  research values per  object ive,  3 s  well as the  f a c i l i t y  
research values shown as t o t e l s  at t h e  bottom of each column, reFresent t h e  v d u e  
of t he  a e w  f a c i l i t i e s  i a  conjunction with ex is t ing  f a c i l i t i e s .  
which could satisfy all of t he  research requirements of each Research Task ucder a 
given Dbjective would F,cc.?e 8 r ? s e a r c t  value for t h a t  ob,iective equal t o  t h e  t a sk  
in t r i l l s i c  value sua f o r  t h a t  objective.  'fhe incremental value r e l a t i v e  t o  a givec 
Ses+arch Objective of each new f a c i l i t y ,  by i tself ,  can be determined by cornparing 
i t s  value r e l a t i v e  t o  t h e  given object ive xith t h e  ex l s t ing  f a c i l i t i e s  value for 
t h a t  2bjective.  In  number of cases,  it can be teen t h a t  candidate ground f a c i l i t i e s  
are ;-:Jt appl lcable  t o  the  Research Tasks associated w i t h  a pa r t i cu la r  object ive and 
prcvi.-e no increase over t h e  exising f a c i l i t y  value i n  the  achievemert. of t he  
ob , jx t ive .  
by I t s s l f ,  can be & t e ~ ~ Z ~ e i !  bi r p q n r i n g  t h e  f z c i l i t y  research v&ue shorn a t  ihe 
bottom of the  column f o r  t h a t  f a c i l i t y  to t he  t o t a l  e x i s t i r q  f a c i l i t y  value shown 
at the  bottom of t h e  exisr ixq f a c i l i t i e s  ccll'mn; 
A candidete f a c i l i t y  
Similarly,  t he  incremental fao , i l i ty  researcL vslue of each new fmi! i t y ,  
3.5.4 
f o r  t h e  fcur representat ive c p e r a t i o z  systems are sumzu~=ize:ci i n  Figure 3-31. 
RESEARCH VALUE SWMARY FCIi l3ASELIliE FACILITIES - F a c i l i t y  research values 
n e  research value sums p e s e z t e d  at, t he  top of the  page fer each candidete research 
f a c i l i t y  correspond t o  the  coiumn t o t a l s  shown in Pigires 3-27 thrcjugh 3-30, and 
these values a r e  converted t o  percent of t he  t o t a l  reqiilred research a t  t h e  bottom 
~f 11:s page. These r e s e a c h  -.rdues include, of course, t he  contr ibut ion of ex is t -  
ing f a c i l i t i e s .  
All f a c i l i t y  capab i l i t i e s  and fac i l iLy  research values presentad i n  t h i s  
sec t ioa  a re  measured with respect t o  "bliseline" f a c i l i t i e s .  
these f a c i l i t i e s  were establ ished zt the berjinnil,g of Phase I1 and the  basic  re- 
search requirements analysis  considered only .these "baseline" systems. 
Character is t ics  of 
Many t radeoffs  accomplished on the  f l i g h t  research vehicles  resul ted i n  
improved configurations , i den t i f i ed  a s  "near-ogtimum" systems , which were considered 
i n  the  fiT-.l se lec t ion  of vehicles  t o  be cc r r i ed  i n t o  Phase 111. 3nese t radeoffs  
a re  d e s c i b e d  in Sectior, 4, and the  f h c i l i t y  research viiLuetj for  the "near-optimum" 
f l i g h t  research vehicles a re  presented i n  Section 4.6. 
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FIGURE 3-27 
(U)VALUE OF RESEARCH ACHIEVABLE IN EACH FACILITY 
Operational System No. 2-(L2) 
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36 132.8 41.2 41.2 41.2 41.2 41.2 53.1 66.4 66.4 66.4 51.8 7T.O 71.7 8b.3 -3 98.3 86.3 
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3 2  127.0- . -  - 24.1- -  - 24.1 24.1 24 .1  _ .2 f+ l  24 .1 - -=  24.1 24.1 24.1 24.1 24.1 24.1 24.1 24.1 24.1 
58 138.2 79.1 79.1 19.1 79.1 87.0 1C2.8 102.8 102.8 79.1 79.1 116.7 110.7 113.1 110.7 110.7 l lC*7  
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69 95.9 16.3 i 6 . 3  16.3 16.3 16.3 16.3 16.3 15.3 45.1 25.9 57.6 57.6 79.6 79.6 87.3 87.3 
71  114.2 108.5 108.5 108.5 10R.5 108.5 108.5 lQC.5 108.5 108.5 114.2 108.5 198.5 108.5 108.5 101.5 108.5 
72 66.6 26.6 26.6 56.6 26.6 26.6 26.6 26.6 26.6 66.6 26.6 26.6 40.0 2b.b fw 40.0 26.6 
;5 123.1 33.4 .33.4 33.4 33.4 33.4 33.4- -33!4 -33 . i  90.3_--45.8 74.2 -77 .9  -l-OZ?-b-- Y o 9  111.3 102.6 
77 93.5 88.8 88.8 88.8 88.8 88.8 93.5 93.5 93.5 88.8 88.8 90.7 90.7 93.5 03.5 93.5 93.5 
79  7P.3 66.5 66.5 66.5 66.5 70.0 7C.O 70.0 66.5 66.5 66.5 6T.Y 67.9 73 .6  7a.6 73.0 70.0 
- 80  .- 14-'.6 140.2 -- 14C.2 140.2 140.2 140.2 140.2 140.2 140.2 147.6 1400.2 143.2 143.2 147.G 147.& 147.6 147.6 
82 116.8 114.8 114.8 114.8 114.8 l l 4 .d  114.8 114.8 114.0 114.8 114.8 114.8 114.8 114.8 LIIoO 114.8 114.8 
63 62 7 29.6 59.6 59.6 59.6 . 39.6 59.6 . .  59,6 59.6 62.7 $9.6 60.8 60.8 6 2 . 7 - b L 7 . -  ~ b 2 . 7 ~  62.7 
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1 216.3 l i 4 . 7  127.6 127.6 114.7 114.7 114.7 114.7 11-07 114.7 114.7 157.9 134.7 157.9 157.9 188.2 
2 176.4 75.9 109.4 104.1 75.9 75.9 75.9 75.9 75.9 75.9 75.9 135.8 146.4 135.5 135.6 -146.4 
3 190.6 82.0 101.0 112.5 82.0 82.0 82.0 82.0 82.0 82.0 82.0 152.5 152.5 139.2 133.4 146.8 
4 157.7 58.4 71.0 80.4 58.4 72.5 72.5 67.8 67.8 58.4 58.4 89.9 89.9 99.4 99.4 110.4 
5 151.2 55.9 69.b 81.6 55.9 55.9 55.9 S5.9 55.9 55.9 55.9 95.3 110.4 116.4 116.4 116.4 
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9 131.1 48.5 65 .6  76.0 48.5 48.5 48.5 48.5 M . 5  48.5 ~ 40.5 65.6 78.7 78+  65.6 82.6 
12 148.7 55.0 71.4 78.1 55.: 69.9 55.0 55.0 55.0 55.0 55.0 69.9 89.2 89.2 69.9 89.2 
14 139.5 43.2 87.9 43.2 43.2 43.2 43.2 43.2 43.2 67.0 43.2 97.6 97.6 131.8 101.8 111.6 
15  %.2 22.1 41.4 47.2 30.8 22.1 22.1 22.1 22.1 22.1 22.1 41.4 57.7 48.1 48.1 57.7 
16 105.4 34 .8 .  39.0 49.6 34.8 41.1 51.7 4523-  -4533 .-%,8 34.8 66.4 -66.4 -6b.5-66.4 
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19 90.9 45.4 60.9 56.3 45.4 45.4 45.4 -45.4 ,5..4 _ . 4 5 . 4 ~ -  45.4-  63.6 63.6 -65.3 66.3 -. 
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46 163.4. . 33.m.'- - - 73.5 73.5 73.5 73.5. - 7 3 . 5 -  7 3 - 5  -90.0. 9a.O -1_1_44.4_ 136.7 130.7 lfl.7----J32.7 
48 284.5 162.2 1 9 9 . ~  190.6 162.2 162.2 196.3 162.2 162.2 162.2 162.2 190.6 227.6 162.2 162.2 162.2 
3 2  133.5 70..1.- -.7G.7 . 70.7 70.7 9344--93&--84*1 84.1 70.7 70.7 . 93.4 _-97.4 70a-K -70.7 -_73..7 
55 83.C b6.4 66.4 66.4 66.4 76-3 76.3 66.4 66.4 66.4 66.4 78.R 33.0 70-5 e&+ 78.8 
7> + 150.1 150.1 150.1 150.1 311.5 326.6 150.1 150.1 1500.1 150.: 176.4 214.0 153.1 150.i 153.1 
58 165.2 115.7 115.7 115.7 115.7 123.9 132.2 115.7 115.7 115.7 115.7 132.2 132.2 X32.2 132.2 132.2 I 
3 9  365.0 . _ _  .84.0 -.. . -84.0 109.5 14.0 266.5 281-1-.04~!! . 84.0 84.9 -.O+oO- _IS_l.S -.3-03*0 84.0 T - E . 0  
63 93.8 53.5 59.1 62.8 53.5 53.5 62.8 53.5 53.5 53.5 53.5 62.8 75.0 53.1 53!5 65.7 
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67.3 . Zb.9 26.9 26.9 26.0 24.9 - _2657--24.9 26.9 61.>-26%9 -2b..9 -43e.5 26.9 26.4 -40.6 
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77  95.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1- 95.1 95.1 
7 8  97.0 48.5 56.2 6 4 . 3  59.1 51.4 51.4 51.4 51.4 48.5 48.5 70.8 74.7 7be? 74.7 84.4 
80 149.0 149.0 149.0 149.0 149.0 149.0 149.0 149.0 149.0 l & . n + O  149.0 149.0 149.0 149.0 149.0 149.0 1 
82 116.5 116.5 116-5  L16.5 116.5 116.5 116.5 116.5 116.5 1115.5 116.5 116.5 116.5 l l b . 5  116.5 116.5 
79 70.9 7c.9 70.9 70.0 70.9 70.9 70.9 70 .9  70.9 'i0.9 70.9 70.9 70.9 73.9 ~ 7&9 70.9 
8 3  63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 
37 109.2 15.3 54.6 l 5 . 3  15.3 32.7- 43.7 15.3 15.3 i5.3 15.3 84.0 90.6 9 8 . 2 T  LOl.5 
89 103.8 12.5 34.2 5C.8 34.2 12.5 12.5 12.5 12.5 12.5 12.5 83.0 86.1 75.7 75.7 86.1 
93 94.9 54.1 63.6 58.4 61.7 54.1 5 4 . :  54.1 54.1 54.1 51.1 73.1 73.1 85.4 85.4 78.8 
94 141.8 34.0 34-C 34.0 34.0 34.0 34.0 34.0 34.0 80.8 38.1 113.5 113.5 113.5 113.5 113.5 1 _ - - _ -  ~~ 
94 56.9 8.5 24.5 30.1 22. 7 18.8 24.5 22. 7 21. 6 8.5 8.5 25.5 4Y.5 45.5 39.8 45.5 
97 88.5 2h. 5 26.5 26.5 26.5 26.5 26.5 26.5 26.5 79.6 30.1 79.6 79.6 79.b 79.6 79.6 
102 67.5 47.2 47.2 47.2 47.2 47.2 3 7 . 2  47.2 47.2 54.0 56.0 54.0 54.0 63.7- 60.7 
P 
TOTAL 8897.7 4425.6 4955.9 5019.9 6569.2 4941.7 5372.2 4971.2 5324.2 5153.8 4173.6 6553.0 6953.4 6507.2 6420.9 567671 6 .  --- GO3 GO20 GO7 E6 E20 E8 €9 S2 MZO 207 212 231 233 257 
M C D O N R  
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME Ill PART I 
FIGURE 3-28 
VALUE OF RESEARCH ACHIEVABLE IN EACH FACILITY 
Operational System No. 5-(C1) 
OF NEY FAClLlffES + EXlSllYG FACILlllES 
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 A_- 
.20 E8 E9 S2 M2C 207 I12 232 233 251 260 284 C / 1  C/Z C13 C14 C / 5  
14.7 114.7 114.7 114.7 114.7 157.9 194.7 157.9 157.9 188.2 179.t 136.3 127.6 127.6 127.6 127.6 127.6 
'5.9 75.9 75.9 7S.Y 75.9 135.8 146.4 t35.F 135.8 -14b-4 146.4 111.1 128-6 128.8 128.8 . 1211.8 128.8 
2.0 82.0 82.0 82.0 82.0 152.5 152.5 139-2 133.4 146.8 139.2 120.1 123.9 123.9 123.9 123.9 123.9 
i2 .5  67.8 67.8 5 J . 4  58.4 89.9 89.q 99.4 99.k 2 . 4  110. 4 99.4 93.0 96.2 96.2 96.2 96.2 
5.9 55.9 55.9 55.9 55.9 95.3 110.4 116.4 116.4 116-4 116.4 75.6 102.0 102.8 102.8 102.8 102.8 
'1.3 81.0 81.0 81.0 81.0 126.2 137.5 12s. 7 . J -  145.0 131.8 107.3 145.0 145.0-.J45.0-145.0 J45.0 
19.3 39.3 39.3 39.3 39.3 64.0 64.0 b+$ 52.1 66.0 52.1 52.1 63.0 63.0 63.0 63.0 63.0 
r8.5 48.5 49.5 48.5 48.5 65.6 78.7 7 8 e  65.6 82.6 65.6 65.6 91.8 9>.11..--91.8 91.8 9i.q . 
5.0 55.0 55.0 55.0 55.0 69.9 89.2 89-Z 69.9 89.2 69.9 69.9 89.2 101.1 101.1 101.'. t01.1 
-- 
~ ~ 
$3.2 43.2 43.2 6 7 t O  43.2 97.6 97.6 131.0 101.8 111.6 111.6 lGl.8 87.9 87.9 87.9 1Gf-4 1 0 7 A  
rZ.1 22.1 22.1 22.1 22.1 41.4 57.7 68.1 k & l  57.7 r 8 . l  48.1 58.7 58.7 58.7 58.7 38.7 
11.7 45 .3 .  45.3 34 .8  ~ 3t .8 66.4 66.4 _ 6 b . ~ ~ ~ - b b . k  66.4 66.4 49.6 59.1.-69,6.-'),ir 69.6 
t0.3 28.6 27.0 22.1 22.1 *3.4 43.4 5L.S 51.5 51.5 51.5 51.5 45.0 49.1 55.6 55.6 55.6 
',5.4 45 .4  45.4 45.4 4 5 . 4 .  63.6 63.6 -65.3 666.3 -A6.3 66.3 66.3 79.1 79.1 _-79.-1__-79.~1__ - 7 9 . 1  
f6.2 82.3 72.2 35.6 35.6 81.3 81.3 89.5 89.5 89.5 89.5 89.5 63.0 70.1 91.5 91.5 91.5 
.3 .4  133.3 116.9 57.6 57.6 131.7 131.7 14k-0 lM.8 164.8 144.0 144.8 100.4 '11.9 135.0 135.0 135.0 
18.2 84.5 74.1 36.5 36.5 83-4  83.4 91-0 91.8 91.8 91.8 91.8 t? 81.4 91.6 91.E 
.+.O 106.5 109.0 .. 43.3 43.3 106.5 -106.5 l lN-*-m.V 1)3*! l i 3 . 9  113.9 80.5 1Op,O 111.5 . !-:L=5- 111.5 
8.4 61.0 61.0 70.3 57.1 -114.1 114.1 122.1 122.1 122.1 122.1 122:l 66.3 79.6 95.5 107.5 112.8 
4.7 15.5 76.4 66.0 66.0 ~ 7 4 . 7 . .  74.7 . 79,q 70.3 -- .79-9.  70.3 70.3 66.0 74.7.-71.1? 77.3 17.3- 
0.8 100.8 100.1) 166.7 119.4 148.2 148.2 164.6 1M.6 1 6 L 6  164.6 164.6 100.8 100.9 109.8 166.7 183.2 
2.5 92.5 92.5 99.4 92.5 92.5 92.5 02.5 92.5 92.5 9 . 9 i . 5  9 .5 92.5 92.5 99.4 99.4 
'3 .7  85.1 82.3 112.1 83.7 105.0 105.0 113.5 113.5 113.5 11 i .5  113.5 7t .O  83.7 97.9 112.1 123.6 
9 5 . L  95.2 104.9 - 9 l y L  110.4 _l.lO.$ 113.4- 110.4 110 .4  110.4 77.3 - 9 1 L  98.0 12 5.6 133-8 
9.6 312.0 312.0 299.5 283.9 249.6 249.6 269-b 249.6 249.6 249.6 249.6 252.7 252.7 312.P 312.0 312.0 
p5.1 78.4 1 8 . 4  78.4 63.8 93.0 93.0 93.3- 93.0 93.0 93.0 93.0 53.1 65.1 78.4 104:; 12019 
5.8 35.8 59.4 35.0 35.8 75.4 75.4 75.4 75.4 75.4 75.4 75.4 54.7 54.7 54.7 55.1 6 4.1 
;IS.?! 3R.3 45.6 38.9 38.9 50.2 50.2 50-2 50.2 50.2 50.2 50.2 39.5 43.9 47.1 55.2 56.5 
1.7 . - 81 .7 .  103.2. 96.1 . 96.1 114.7 l l k . 7  . J + - ? X 7 -  114.7 114.7 1a4.7 d1.7 CC.7 81.7 103.2 33.3 
15.7 55.7 55.7 74.2 60.5 78.1 78.1 7 8 d  1 6 1  78.1 78.1 78.1 55.7 55.7 .5.7 74.2 '79.1 
~ 6 + t _  26.2 26.2 62.5 26.2.- 50.0 50.0 50.0 50.0 --5,*>. 50.0 50 .0 -  2 6 . 2 .  2 6 2  62.5 26.2 62.5 
'.?a5 135.c -152.5 -1T2;R --122.0 -203.3. 203.3 203.' 203.3 203.3 202.3 203.3 114.3 122.0 160.1 228.7 241.4 
'b3.f  63.2 74.2 69.8 103.1 86-6 88.6 88.6 118.6 88.6 8 . 6 63.2 63.2 63.2 69.8 109.7 
1.6 111.6 123.4 123.4 182.1 156.7 156.7 156.7 15b.7 156.7 156.7 15:.1 111.6 111.6 -111.6 123.4 195.8 
3..5. 73-5 98.0 98.0 - 4 1 4 . 4  130.7 130.7 _ I ? P _ . ! - r n  >!0--I_p130.7 130.7 . 73.5 73x5- 73.5 98.0 147.1 . 
,'6.3 162-7 162.2 162..? 162.2 190.6 227.6 162.2 162.2 162.2 162.2 162.2 223.6 256.1 256.1 256.1 256.1 
b . 3  66.4 66.4 66.4 66.4 78.n 83.0 70-5 66.4 7*.8 66.4 66.4 66.4 76.3 76.3 16.3 7693 
-1.6 150.1 150.1 150.1 150.1 17L.4 214.0 153.1 150.l 153.1 i S O t i  :C ' 6 6 3 6.6 326 6 326.6 
2,2 115.7 115.7 115.7 115.7 132.2 132.2 132.2 132.2 132.2 1.52.2 : i Z : ;  ::!:; ;:2:2 1&.2 132:2 132.7. 
1s.1. .!4?0 84.0 - 84.0 -.-84.0 102.5.  303.~-.sC.O T - - c * c .  6G.Q &.Q .84+0 .2S_l.- Z.R1..1_-281.1 28% 
2.8 53.5 53.5 53.5 53.5 62.C 75.0 53.1- 53.5- 65.7 '3.5 53.5 59.1 b8.5 68.5 611.5 68.5 
9,0.-_92+1 . 92.L- .9.2..1 . .-92-1.  JOO.Z..-l26.4 92.1 92.1 92.1 9 2 . i . .  '12.1. 116.3-/30.8~ 1 3 0 ~ 8  130.8 1 3 0 . d  
0.2 86-8  86.8 86.8 86.8 123.7 130.2 86.8 W.0 8b.8 8b.e 86.8 136.7 184.5 l8C.5 184.5 184.5 
9.3 79.3 79.3 88.1 7 9 . 3  5 6 ~ 1  88.1 88.1 88.1 SL.1 88.1 29.3 79.3 59.9 88.1 88.1 
6.5 16.5 16.5 45.7 26.3 77.8 77.8 80.7 W.7 88.5 68.5 80.7 16.5 16.5 16.5 +5*7 53.5 
18.9-101.5 ... 91.0--.68.Q . - 6 5 . 1 _ .  78.9 78.9 103.2 130.2 100.2 100.2 . 58.9- 10-x9-101.5 109.0 111.5 
;.5 109.5 101.5 109.5 115.3 109.5 1 0 9 . 5  109.52::: -109.5 
619 ~- 26.9 - 2 k . 9 6 1 r 3 - - - 2 6 . 9  26.9 . -42.4 -.A59 26.9 - + @ a b  21.9 26.9 . 26x9 - Z b 9  _ _  26z.9 .--6_?.3 67.3 
4.9 84.9 84.9 95.4 84.9 95.4 95-4  95.4 95.4 95.4 95.4 95.4 84.9 84.9 84.9 95.4 95.4 
7.8 77.8 77.8 77.8 77.8 77.8 7 7 . 0  77,8 77.8 77.8 77.8 77.8 77.8 77.8 77.8 77.8 77.8 
3.8 33.8 33.8 91.5 46.4 104.0 112.8 10k.0 100.2 112.8 104.0 100.2 33.8 33.e 33.8 91.5 102.7 
J.1 95.1 95.1 95.1 95.1 95.1 95.1 95.1- 95.1 95.1 95.1 95.1 95.1 95.1 9 5 . 2 .  -9591 -95.1 
1.4 51.r 51.4 48.5 48.5 70.8 74.7 74.1 74.7 8 * - 4  84.4 50.2 55.6 75.6 75.6 75.6 75.6 
0.9 70.9 70.9 10.9 70.9 '0.9 70.9 73.9 70.9 70.9 70.9 70.9 70.9 70.9 70.9 70.9 70.9 
149.6 149.0 149.0 149.0 144.0 149.0 149.0 14dO 169.0 149.0 149.0 149.0 16Q.O 149.0 149.0 149.0 
3.3 63 .3  63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63,3 63.3 63.3 63 .3  63.3 63.3 
3.7 15.3 15.3 15.3 15.3 84.0 Q0.6 38.2- l o l l 5  96.2 65.5 56.8 70.9 --a199 -8L.9 -8129. 
2.5 12.5 12.5 12.5 12.5 83.0 86.1 75.7 75.7 86.1 3.7 12.5 71.6 71.6 71.6 71.6 71.6 
4.1 54.1 54.1 54.1 54.1 73.1 73.1 85.4 85.4 78.8 82.6 54.1 73.1 73.1 -73.1 . ?3.1- 7 3 ~ 1 -  
4.0 34.0 35.0 80.8 38.3 113.5 113.5 113.5 113.5 113.5 113.5 85.1 34.0 34.0 34.0 80.8 95.0 
4.5 22. 7 21. 6 8.5 8.5 45.5 49.5 45.5 39.8 65.5 39.8 28.4 8 .5  8 .5  8.5 32.4 38.1 
6.5 26.5 26.5 79.6 30.1 79.6 79.6 79.6 79.6 79.6 79.6 79.6 26.5 26.5 26.5 79.6 84.0 
18.lL-34-3 --33:1 -M.2.-24,3 . 39.9 _ 3 9 , 9  .--39.* 39.9 ~ 3 9 . 9  --39.9 39.9 30,O. -%4.*3 37.4 48 53 1 
' 3 ~ 4  --8-44--84!1. 7a.7 ~ 70.7 ~ 93.4 . Q7.4-19-.! -70.7 -_70.7 - _  m.7 . 70.1 - 7 0 . 7  ..-9f14-&O08 110.8 1101 8 
109.5 109.5 109.5 109.5 109.5 109.5 115.3 
6.5 116.5 116.5 Ll6.5 116.5 116.5 116.5 l l b . 5  116.5 116.5 l l b . 5  . 5  116.5 116.5 11 6.5 116.5 116. 5 
7.2 47.2 41.2 54.0 56.0 54.0 54.0 6 0 . 7 6 0 . 1  6 0 . 1  60.7 60.7 47.2 .17.2 . 4J.L 54.0- ._6&.1 
2.2 4971.2 5324.2 5153.8 4773.6 6553.0 6953.4 (~507.2 6k20.9 b676.1 
20 €8 €9 S2 h20 201 212 232 233 257 2bO 
6516.8 6131.1 5422.6 6133.1 6434.9 7L08.1 7438.3 
284 v_1 c12 C13 C / 4  C/5 
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FIGURE 3-29 
VALUE OF RESEARCH ACHIEVABLE IF EACH FACILITY 
Operational System No. L(M1) 
.. TA SU 
08J. lllRINSlC VALUE OF - VALUE OF W€U FACILITIES t EXISTING F A C l L I f l E S  
NO. VALJE EXISlIHG 2 3 4 5 6 7 8 9 10 11 12 13 14 - 1 
SUM FACILITIES GD3 GO20 GO7 E6 E20  E8 E9 S2 M20 207 212 232 233 257 
- _  . -- - . - . . -. . 
1 216.3 155.8 173.1 173.1 155.8 155.8 155.8 155.8 -155.8 ~ 155.8 155.0 203.4 216.3 203.4 203.t 216.3 
2 176.4 9s.8 134.1 128.8 98.8 98.8 90.8 98.n 9a.a 98.n 98 . s  160.5 171.1 160.5 160.5 171.1 & 
4 157.7 75.7 - 89.9 99.4 15.7 91.5 91.5 86.7 16.7 75 .1  75.1 100.8 108.8 118.3 i i a . 3  1 2 9 . 3 ~  3 1W.6 106.7 127.7 139.2 106.7 106.7 106.7 106.7 106.7 106.7 106.T 179.2 179.2 155.0 160.1 173.5 
5 151.2 72.6 87.7 99.8 72.6 72.6 72.6 1 2 . 6  72.6 72.6 72.6 113.4 120.5 134.6 134.6 134.6 
7 9 1 . 4  51.2 51.2 66.7 51.2 51.2 51.2 51.2 51.2 51.2 51.2 76.7 76.7 16.7 64.9 76.7 
12 148.7 71 - 4  09.2 96.6 71.4 87.7 71.6 71.6 71.4 71.4 71.4 87.7 107.0 107.0 E7.1 131.0 
1 4  139.5 43.2 87.9 43.2 43.2 43.2 3 3 . 2  43.2 43.2 6 7 ; O  45.2 93.6 97.L 101.8 101.8 111.6 _' 
15 96.2 22.1 41.4 47.2 30.8 22.f 22.1 22.1 22.1 22.1 22.1 41.4 57.7 48.1 48.1 57.7 
17 01.8 28.6 41.7 47.4 28.6 28.6 37.6 36.0 34.4 20.S 28.6 50.7 50.7 58.9 58.9 58.9 
A 9 -  ~ .- 90.9 ..-SP,?- ~- 76.3 71.8 59.1 59.1 ~ 59.1.  59 .1  59.1.  59.1- -50.1 79.1 71.1 -01.8- -81.8 81.8 
20 101.6 40.? 57-9 61.0 54.9 40.7 82.3 88.4 78.3 40.7 40.7 87.4 87.4 $5.6 95.6 95.6 
_le863 LC5.4 ~ 133-7 120.5 105.4 105.4 J05.+--105-4 jC5.4 105.4 105.4 152.5 163.8 152.5 .J39.3 171.4 ' 
9 -131.1 _ _  6Zr9 . 81.3 91.9 6.7.9 62.9 62.9 - 3 2 . 9  62.9 -62.9 ~ 62.9 81.3 94.4 94.4 81.3 98.3 
-?> - .N5*4- ~ - 53.x- 50.6 61.2 4 5 . 3 -  52-.7 63.3 5 6 . 9 . 6 . 9  . 45.3 45.3 78.0 r8.o . 7a.D .-7q.o 78.0 
164.6 65 .8  93.8 98.8 65.8 80.7 133.3 143.2 126.7. 63.a 65.11 141.5 141.5 154.7 154=i 154.7-.  
41.7 59.5 62.6 56.3 41.7 86.5 90.7 80.3 41.7 4i.?- 89.7 89.7 98.1 90.1 9 Z . l  2 4  104.3 -s-. _123,8 ~_.__ :9.5 .. 70.6 .74,3 66.9 -40.5 1 1 1 . 5 . _ . ~ ~ . 9 _  -1 l t . 4  49.5 43.5 113.9 113.9 -121.4__12_1.4 I 2 I . i  
26 132.7 53.1 58.4 66.3 63.7 53.1 66.3 69.0 69.0 78.- 65.0 -172.1 122.1 133.0 130.0 130.0 \ 
2 7  06.8  . - Ed-. - .. 73.8 73.8 73.8 73.8._-83.4 84.2 -._S5.l 7 5 . 8 -  i 3 . 0  83.4 -83.4 -86.6 . -79.0 -86.4 
30 116.4 93.1 93.1 93.1 93.1 93.1 92.1 93.1 93.1 ZGu.1 93.1 93.1 93.1 93.1 93.1 93.1 
2 2  
32 141.7 57.P 97.8 97.8 97.0 97.8 113.3 114.8 11.1.9 141.7 113.3 134.6 134.6 141.7 141.7 141 .7 -_  
33 137.3 1C1.4 108.5 108.5 108.5 105.7 122.2 126.3 126.3 135.4 122.2 137.3 137.3 137.3 137.3 137.3 ' 
-LS .- 304.9 243.9 247.C 247.0. 24?.0_-243.9 243.9 304.9 304.9 292 .p7-277~5_143 .9  243.9. .=3.9-243.9 243.9 
2 b p - 1 3 L 5  73.7 73.7 -_73>7- B.7 7 t T  88.1 101.3 101.3 101.3.---%20-J15.8- 115.6 A15t8 115.8 115.8 
2 142.2 81.0 81.0 81.0 81 .o 81.0 81.0 81.0 1 02.4 95.2 95.2 113.7 113.7 113.7 113.7 113.7-_1 
4 1  97.8 55.8 55.8 55.8 55.8 55.8 55.8 55.8 55.8 r4.4 60.7 78.3 78.3 78.3 78.3 78.3 .-e 6 2 . 3 - - - 3 6 . 1 - . .  _ -  . . 36.1 36.1 f6,1 j6.1 36.1 X.1 ,-6&.>- 61.1 61.1 61.1 61.1 - - 6 l . l  61.1 
43 255.1 163.3 163.3 163.3 163.3 176.1 211.8 209.2 206.7 227.1 176.1 255.1 255.1 255.1 255.1 255.1 s 
35 61.5 29- 5 36.3 36.3 36.3 29.5 36.3 43.1 41.9 44.9 33.2 48.6 68.6 48.6 48.6 68.6 
39 61.4 35.0 37.5 38.7 38.1 37.5 37.5 37.5 43.6 38.1 38.1 69.1 49.1 49.1 49.1 49.1 
33 110.5 BUS+. . 88.4 88.4 88.4 88.-4 18.4 88.4 101.6 .Y.l.2-..l_l.5 110.5 110.5 110.5 110.5 .1_0.5 I 
4 5  194.0 155.2 155.2 155.2 155.1 155.2 155.2 155.2 L70.7 170.7 194.3 19C.3 194.0 ~ 1 ~ 4 ~ 0 ~ % . 0  194.  
46 162 2 103.8 103.8 1.c3.8 103.8 103.8 103.8 103.8 131.4 131.4 147.6 162.2 169.2 1 6 2 1 2 2 2 a 2  1 6 2 . 2 2  
48 270.6 154.2 189.4 181.3 154.2 154.2 186.7 154.2 154.2 154.2 1 H . 2  181.3 216.5 15C.2 154.2 154.2 
- 5.2-- ~ 125,9._ - 1 0 4 . 5 -  - 104.5 - I t4 .5  104.5 125.9- l25,9.  u 7 . 1  _1_1?.1 lOk.,J_ 104.5 - 125.9 l i 5 .  106.5 -1F.S 106.5 
. -. 58 . - - 156.5 - -_- lF.5 - lW.5  .lC9.5 109.5 117?4- l . S , Z .  109.5 109,s-  _lO_StS 109.5 1 2 5 . r  -125.2- ~ l ~ S . Z - J 2 5 . 2  -125.2 
59 350.5 140.2 140.2 164.7 140.2 315.4 350.5 14fIm2 143.2 140.2 i40 .2  234.0 350.5 143.2 14O-2 140.2 
57 350.9 265.6 245.6 265.6 245.6 350.9 350.9 245.6 245.6 245.6 245.6 270.2 305.3 z 5 . 6  245.1 245.6 
63 85.0 48.5 53.6 57.0 48.5 48.5 57.0 4 b 2 5  48 .5  4 8 , 5 4 8 . 5  57.0 b8.0 48.S 40.5 59.5- 
65 147.9 84.3 93.2 100.6 84.3 84.3 i W . 6  84.3 84.3 84.3 84.3 90.1 113.0 8C.3 M.3 8 * .3  
4 7 - -  --206rO--- -82.4 _ _  107.1 -1C3.0 82.4 -113.3 123.6 8 2 . 4  . 02.4 --&2.4 82.4 .i:7.4 123L6p - L 2 _ . % _ 0 2 ? 4 _  8-2.4 
71 122.1 116.0 116.0 116.0 116.0 116.0 i16.0 116.0 116.0 116.0 -17z.l  ll6.C -116.0 116.0 116.0 116.0 
2 - - . _ ? O . l  - 2 8 . 0  . 28.0- 2.8xO. 28.0 _-  20.0 28.0 28.Q - 2%,9_ 70.;- 2.8.0- 2 8 . 9 -  -42.0 20.0 20.0. _C2-.0 
77 99.7 99.7 99.7 99.7 99.7 99.; 99.7 99.7 w.7 ~ 9 . 7  w.7 99.7 99.7 99.7 99.7 99.1 
73.0 73.0 73.0 73.0 13.n  73.3 13.0 73.0 73.0 73.0 1 3 . 0  73.0 7 3 3  73.0 
70.4 78.1 73.5 65.' 65.2 65.2 b>.2 62.1 62.1 85.9 9 0 . 1 .  '30.1 90.1 100.4- +md-Az-- 1 
73.0 13.0 
_B--- _159-.@ Jda.4 .  --l59.8 159.e 159.8- 159..8. .159.8--1-5'!.8. 159.8 159.8 . '5Q.8 159.0 159,P &SYz8 159.8 159.0 
82  122.5 122.5 122.5 122.5 122.5 122.5 122.5 122.5 ~122.5 122.5 122.5 121.5 122.5 122 5.-122.5 122.' 
-.bS -. 6-9,b e9sA .-.. - - . * ? a 6  69.6 69.75 6 9 . 6 . .  69*-4._- 4 9 , 6 _ _ - 9 , _ . _ 6 9 . . 6 ~ 6 9 . 6  60.6 69 .6 .  SS..S 63.6 69.6 
81 109.2 18.6 57.9 18.6 18.6 36.0 46.9 18.6 18.6 18.6 14.6 87.3 '95.9 101.5 1QLS lQ4 .8  
89 103.8 14.5 36.3 52.9 36.3 14.5 14.5 14.5 14.5 14.5 14.5 85.? 88.2 77.E 77.B 08.2 
85 112.6 48.4 59.7 48.4 48.4 48.4 63.1 48.4 48.4 61.9 52.9 101.3 101.3 -101.3 i o i . 3  kui..? 
9 3  94.9. - 55.1 63.6 68.4 61.7 54.1 54.1 54.1 54.1 54.1 54.1 . 73.1 73.1 85 .4 -  d5.4 78.8 
- 96- - 56.9 - _!0!.8 - 26.7 32.5 25.0 21.0 26.7 25.0 23.9 io.* 10.1) 47.0 51.7 47 .8 .  42.1 47.0 
102 67.5 47.2  47.2 47.2 47.2 47.2 47.2 47.2 47.2 n . c  56.0 54.0 5 4 . 0  60.7 GO.? 60.7- 
' 4  141.8 44.0 44.0 44.0 44.0 44.0 46.@ 44.0 44.0 90.8 4e.2 123.4 123.4 123.4 123.4 125.4 
97  88 .5  26 .5  26.5 26.5 2b.5 26.5 26.5 26.5 26.5 79.6 30.1 73.6 79.6 79.6 19.6 79.b ' 
i646...~' . - . 
T O T U  7947.1 5Z01.2 5254.0 4786.8 5091.1-5547.4 -S165.1 5203.8 5211.9 4936.2 6562.9 6911.4 6494.2 '6417.5 6621.0 6 
.. . .Cox - GOZC (327. .€.6 .EL0 -E€! . E9 S2 NO 2G7 212 232 233 , 251  
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IVABLE IN EACH FACILITY 
em :io. 7-(M1) 
VALUE OF NEW FACtLIlIES + E X I S r I l G  F A C I L I T f E S  
1 2  13 1 4  A,-&- 17 18 19 20 21 
E20 E 8  E9 S2 MZO 207 212 232 233 257- 260 284 c / l  c / 4  C I S  5 6 7 8 9 10 11- 
.8 -155.8--155.8 -155.8 155.8 155.8 203.4 216.3 203.k 203.k 216.3 216.3 181.1 173.1 173.1 173.1 173.1 173-1 
.e 98.8 98.1 98.8 98.0 98.n 160.5 171.1 160.5 160.5 -171 .1  171.1 135.8 153.5 153.5 153.5 153.5 153.5 
-7  106.7 106.7 lCb.7 106.7 106.1 179.2 179.2 155.8 160.1 173.5 165.8 146.8 150.6 150.6 150.6 150.6 150.6 
- 5  91.5 86.7 86.7 75 .7  75.7 108.8 108.8 118.3 1 1 8 . 3  129.3 -?1R.3-1&1-. 
- 6  72.6 72.6 72.6 72.6 72.6 113.4 121.5 134.6 134.6 134.6 134.6 93.7 12l .G 121.0 121.0 121.0 121.0 
- 4  105.4 105.4 105.4 105.4 105.4 152.5 163.8 152.5 .139.3 171.4 158.2 133.7 171.4 171.4 171.4 171.4 171.4 
- 2  51 -2  51.2 51.2 51.2 51.2 76.7 76.7 76.7 64.9 76.7 64.9 64.9 75 .8  75.8 75.e 75.6 75.8 
. e 9  . 62.9 -62.9 62.9 - 6 2 . 9  62.9 81.3 94.4 94.4 81.3 98.3 81.3 81.3 107.5 107.5 107.5 ..107.5 107.5 . 
' - 7  7L.k 71.4 71.4 71.4 71.4 87.7 107.0 107.0 8T.7 137.0 87.7 87.7 107.0 118.9 118.9 118.9 118.9 
- 2  43.2 43.2 43.2 67.0 43.2 97.6 97.6 101.t  151.8 111.6 111.6 101.8 87.9 87.9 87.9 107.4 107.4 
- 1  22.1 22.1 22.1 22.1 22.1 41.4 57.7 4e.1 48.- 48.1 48.1 58.7 58.7 58.7 5 8 . 7  58.7 
1.6 37.6 36.0 3k.4 28.6 28.6 50.7 50.7 58.9 58.9 58.9 58.9 58.9 52 .4  56.4 63.0 63.0 63.0 
1.1 ~ 59.1 57.1 59.1.  59.1 -59.1 79.1 M.1 ~~81.0--01.8 81.8 81.8 31.8 90.9 90.9 90.9 90.9.- 90.9 
- 7  82.3 88-4  78.3 40.7 40.7 87.k 87.4 95.6 95.6 95.6 95.6 3 5 . 6  69.1 76.2 97.6 97.6 97.6 
1.7 133.3 143.2 125.7 65.8 65.0 141.5 141.5 154.7 154.7 154.7 154.7 156.7 110.3 121.8 1%.8 144.8 144.8 
a 7  84.5 90.7 80 .3  41.7 41.7 89.7 89.7 98.1 98.1 98.1 98.1 9J.1 66.8 87.6 98.1 98.1 98.1 
66.3 69.0 69.0 78.3 65.0 122.1 122.1 133.0 130.0 130.0 130.0 130.0 74 .3  87.6 103.5 l lS . ' r  120.7 
- 8  - 8 3 %  -04:2- . 8 5 . l  73.0 - - - -  73.8- 83.4 -63.4 -86.8 ?9.0 86 .0  79.0 79.0 74.7 83.4 - 8 6 , G  - 8650- 66.0 
- 8  113.3 114.8 11-1.9 141.7 113.3 134.6 134.6 141.7 141.7 141.1 141.7 141.7 100.6 113.3 127.5 111.; 141.7 
-7  122.2 126.3 12L.3 135.9  122.2 137.3 137.3 137.3 137.3 rS7.3 137.3 137.3 108.5 122.2 129.1 137.3 137.3 
. 9 . 2 4 3 . 9  304.9 304.9 292.7 277.5--243.9 -243.9 243.9 2k3.q 243.0 243.9 213.9 247.0 -247.0 3 0 3 . 9 3 0 4 . 9  304.9 
64.9 33.2 48.6 48.6 48.6 45.6 48.6 48.6 48.6 3A.8 43.1 46.2 56.6 61.6 
1.7 Z!!,l 101.3 101.3 1 0 1 . 3 ~ _ ~ ~ ~ ~ ~ 8 ~ ~ 1 5 . ~ ~ ~ 1 5 . ~  -L lS .8  115.0- .LlS.8 115.8 115.8 7 6 - 3  8 8 . * 1 - - 1 _ 0 1 ~ 3 _ & Z L L ~ 3 1 . 5 ~ - .  1.: 37.5 37.5 43.6 38.1 38.1 19 .1  49.1 49.1 49.1 k9.1 49.1 49.1 38.7 43.0 46.1 54.0 55.3 
F 1 . 9  
1- 9: '5::8 74:: 60.3 78.3 78.? ?8.3 ?8.-- 
. l  36.1 36.1 M . 1  62.3 . 61.1 61.1 61 .1 - -  6121--61.1 6J.1 61.1 61.1 36.1 3Pil- 3_6._1.--62_.1-_6_2,3- 
1 211.8 209.2 ZC6.7 227.1 176.1 255.1 255.1 255.1 255.1 255.1 755.1 255.1 168.4 176.1 i 1 4 . 3  255.1 255.1 
-5 - 88.4 88.4 101.6 91.c -10.5.  -11F.5 .JlO.S 110.5 110.5 -1_1?.5 110.5 l l C . 5  88.4 8 8 . ~ 4 - ~ - R B 1 1 - _ 9 7 . 2 1 1 3 . 1 - _  
- 2  155.2 155.2 170.7 170.7 194.0 i 9 k . O  194.0 19k.O 194.0 19k.S 194.P 194.0 155.7 155.2 155.2 170.7 194.0 
.R 103.8 103.8 131.4 131.4 147.0 162.2 162.2 162.2 162.2 1 6 2 . 2 - M L Z  162.2 107.0 107.0 107.@ 131.4 162.2 
-2 186.7 15k.2 154.2 154.2 154.2 181.3 216.5 1Sk.Z 154.2 15k.2 154.2 154.2 216.5 243.5 243.5  243.5  243.5  
- 9 . .  12-5.9- 117..1 Jl&l 101.5 _L04.5 125.9 l L 5 . 9  101.5 104.5 ._lc4!5 104.5 lC'4.5 104.5 125.9- -1.25y.9_ 125e.9.. J22.9. - 
.S- lJS, l  -309.5 109.5 lOs.S, 1oJ,5 _"25. t  -:f3::-.'?5:: 125.2 -1-KS22 125.2 125.2 109t5 125.2. . 1 ? 3 r 1 1 2 5 . 2  125.2 
.4 350.5 140.2 143.2 140.2 140.2 ? ? % . E  1k3 LW.2 1kD.Z l 4 O . t  140.2 140.2 350.5 350.5 350.5 350.5 
- 3  100.6 84.3 8k.3 84.3 S4.3 '19.1 113.9 51.3 M . 3  8k e 3  84.3 8 4 . 3  106.5 119.8 119.8 119.8 119.8 
- 3  123.6 ~ 2 , 4 ~ . . ~ ~ . 4 _ _ ~ 2 ~ ~ . _ ~ O Z , * _  J1714--123.6 82.4 02y!-- 0 4 ~ 4  02.4. 8 2 . i  1 2 9 ~ 8  .175,1. I 7 5 . l  175.1 175.1 
- 0  116.0 116.0 116.0 116.0 122.1 116.0 116.0 116.0 116.0 116.F 116.0 116.0 116.0 116.0 116.0 i16.0 122.1 
-0  28,O 2 8 . 0  2B.0p- 79.1 28.0- ._2&2_--42.0 28.0 28.0 42.0 - 28.0 2 8 9 0 .  , Z 8 . O - L 8 * 4 .  28!3__T_c,L 70.1 .. 
.7 99.7 99.7 99.7 99.7 99.7 99.7 93.7 s9.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7 
-2 65.2 65.2 65.2 62.1 62.1 85.9 90.1 90.1 90.1 100.4 100. 4 7 2 . 5  91.1 91.1 91.1 91 . i  91.1 
-0 73.0 73.0 73.0 73.0 73.0 73.0 73.0 73.0 73.0 73 e 0  73.0 73.0 73.0 73.0 73.0 73.0 73.C 
- 8  159.8 .-159.8 J 5 9 , F .  159.8 -159.8.  159.F 159.8 159.8 l S 9 . 0 ~ - 1 5 ~ 9 ~ 8  159.8 159.8 159.8 ~ € 5 9 ~ 6  .-159.8 159.8 lS92a 
* 5  122.5 122.5 122.5 1220.5 122.5 122.5 122.5 122.5  l t 2 . 5  122.5 122.5 122.5 122.5 122.C 122.5 122.5 IZ2.5 
.6 69.-6._. 6 3 . 6 .  ~@,C--69,6-.-6~.-6 69.6 69.6 b9.6 69,b---59.b 6'2.6 69.6 69.6 69.a.. 69.6 _ _ 6 9 , 6  69.6 
- 4  63.1 48.4 48.4 61.9 52 .9  101.3 101.3 101.3 101.3 101.3 101.3 101.3 59.7 68.7 68.7 a4.4 88.9 
.@ 46.9 18.6 18.t  18.6 18.6 87.3 93.9 101.5 1Qw 104.8 1J1.5 68.8 60.0 74.2 8 S G i  95.1 85.1 
a 5  14.5 14.5 14 i 14.5 14.5 85.1 88.2 77.8 t7.B 88.2 77.8 14.5 73 .7  73.7 13.7 73.7 73.7 
- 1  54.1 54.1 - 1  54.1 -54.1 73.1 73.1 85 .4 - . -05 .4  76.8 82.6 54.1 73.1 73 . i  73.1 7 3 , l  . . 7 3 . 1  
-0  44.@ 44.0 4.0 90.8 48.2 123.4 123.4 123.4 123.4 123.k 123.4 95.0 44.0 44.0 4k.C 90.8 105.0 
1.5 2 - - 5  26.5 26.5 79.6 30.1 79.6 79.6 79.6 T'r.6 79.6 79.6 79.6 26.5 26.5 2C.S 79.6 8v.O 
-2 47.2 47.2 47.2 54.@ 56.0 54.0 54.0 60.7 60.7 60.7 60.7 60.7 47.2 47.2 41.2 54.0 62.8 
1.7 -.63..3 56,9-5&._9 -45.3 . 45 .3  78.0 7R.O i€.D ~_78-.0 78.0 78.0 78.0 61.2 70.7 ._.$l.l.- . e l t2 -_81 . -2 .  
- 5  111.5- 11329. -116.4- -49.5- -+9..5 113.9 -113.9 121.k-.-l21.* 121.4 121.4 121.4 87.9 116.!t- 118.9- 118.9-  118.9-  
93.1 93.1 -100.1 93.1 93.1 93.1 93.1 93.1 93.1 93.1 93.1 93.1 93.1 93.1 100.1 100.1 
7 7 0 8 0  8 0  0 4  32 0 4 95 Y5. 113.7 113.7 119.7 113.7 113.7 
-9 350.9 G 5 . 6  245.6 245.6 245.6--2%.2 3 C S . 3 - 4 S . b  215.6 245.6 245.6 245.6 245.6 35C.9 350.9 350.9 350.9 
- 5  57.0 48.5 40.5 48.5 48.5 57.0 68.0 68.5 48.5 59.5 48.5 48.5 5 3 . 6  62.1 62 .1  62.1 62.1 
,,.o 26.7 25.0 23.9 10.8 IC- n 47.8 5 1 . 7 .  4 7 . 8 .  42.1 47.3 42.1 30.7 10.8 10.8 10.8 34.7 43.4 
-1  5547.k 5163.1 5203.8 5211.9 4936.2 6562.9 6911.4 649k.2 '&417.5 6621.0 6493.9 6126.6 5661.7 63C..9 6545.2 -6904.8 7155.9 
E20 E 8  E9 $2  R2O 207 212 232. 233 . 257 260 284 C / 1  C / 2  C/3 G I 4  ... LIS 
- . _TASK . - . . . - . - - - - - - - . . - . - - - - 
CBJ. I N T R I N S I C  VALUE OF VALUE OF NZY FACILITIES +EX 
REPOR'I' MDC A001 5- 
VOI ,ME I I i  
FIGUr~ 
VALUE 01 RESEARCH AC, 
Operdtional $- 
-. - - - - 
c 1 L i  T I E S  
NO. VALUE €XI S T I N G  1 2 3 4 5 6 7 8 9 10 11 12 13 
SU!! F A C I L I T I E S  GO3 ' ;020 GO7 E 6  EZC E8 E9 S2 M20 207 212 232 233 . 
- -  . . .. - - ~ _ _ _  .- ___.. .. . . ____ 
1 ~ 2 2 5 . 6  101.5 133.1 133.1 101.5 101.5 101.5 1 F i . 5  101.5 101.5 101.5 164.7 203.1 164.7 lb4.7 - 
2 181.4 65.3 - .  112.5 112.5 6 5 . 3  65,3.  -65.3 - 65.3 65.3 _ _  65.3 - b5.3 -139.7 153.6--_157.0 L39.7-r 
3 192.0 53.8 97.9 113.3 82.5 53.8 53.8 53.8 53.8 53.8 53.8 120.9 120.9 15396 128.6 
4 l t4 .6  49.8 72.3 n i . 9  59.4 73.9 73.9 49.8 49.8 49.8 49.8 91.6 91.6 117.3 1 0 1 . ~  1 
5 156.1 48.4 7l .a 87.4 63.9 4 8 . 4  48 .4  48.4 48.4 48.4 48.4 98.3 113.9 129.5 120.2 f 
6 .L94.3 69.9- . -.91.-3. .LO6..8 - 8 3 . 5  - 6 9 . 9  69.9 69.9 69.9 69?9  69.9 130.1- 141 8 lw9.6 122.4 ~ 1 
7 94.1 29.2 35.5 3i.b LE. ,?  3i.1 21.: 42.4 42.4 29.2 2 9 . 2 4 7 . 1  -fiIh 68.7 59.3 
__9_.-  -133 .9  __ - 4 1 . 5 - - _  ._56.2 75.0 493.6 .. % a 2  56.2 6 2 . O  . 41.5 62.9 41.5 67.0 80,4 89.7 61.0 
12 153.2 35.2 68.9 79.7 56.7 41.4 56.7 49.L 49.0 35.2 35.2 76.6 81.2 102.7 87.3 
14 147.6 45.8 85.6 R j . 6  45.8 45.8 45.8 45.8 45.8 45.8 45.9 103.3 1-3 118.1 103.3 1 
15 99 -6 22.9 37.9 47.8 31.9 28.9 34.9 22.9 22.9 22.9 22.9 42.E 54.8 72.7 59.8 
-l6 ._ &3.. 24.9 31.4.--40.1 29.2 35.7 33.6 41.2 60.1 24 .9  24.9 57.4 _ - 5 7 . 4  72.b 68.2 
17 84.4 19.4 31.2 39.7 27.9 22.8 27.0 31.2 29.5 19.4 19.4 44.7 46.7 56.5 53.2 
---l.J- . 8 2 ~ 9  - 3 3 3 - -  - 2 t a - 8  . .41.5 *L5 --34.! 34.8 41.5 41.5 .-33.2 33.2 49.7 41.5 73.5 66.3 
19 93.6 26.2 32.8 43.1 37.5 26-L  26.2 26.2 26.2 26.2 26.2 56.2 56.2 72.1 5*.0 
20101.6 27.4 
22 164.6 44.4 
- 24  1C5.e.3 28.2 3 3 ~ 9 . 3 8 . .  *... 40.07 28.2 ._Zz1_.2 28.2 28.5 28.2-66.0 66.@ 91.8 81.4 
25 123.8 33.4 39.6 48.3 43.3 33.4 48.3 49.5 47.1 33.4 33.4 85.4 85.4 113.9 101.5 
2 6 -  _-1_3.Z.: 35.8 3k.5 --.41%1 - 37..1..-35.8 42.5 41.8 46.4 78 .3  35.8 91.5 91.5 122.1 1 0 8 . c .  
27 86.8 -40.8 43.4 4A.6 46.9 41.7 49.6 49.5 48.6 40.8 40.8 61.7 61.7 79.9 70.3 
30 115.6 92.5 92.5 92.5 92.5 92.5 92.5 92.5 t.:.S 9904 92.5 92.5 92.5 101.0 98.3 
3 2 - - - - . J + L ~ 9  5339 53.9._.-5L9_--53.9 53.9 66.7 O8.1 65.3 95 .1  66.1 105.0 99.3 127.7 120.6 
33 138.0 46.9 51.1 51.1 51.1 48.3 64.9 69.0 69.0 78.7 64.9 91.1 85.6 124.2 117.3 1 
34 314.0 49.9 53.0 53.0 53.0 40.Y 49.9 165.3 152.9 99.8 84.2 93.6 87.3 283.8 96.7 - 
31 62.4 16.2 22.5 22.5 22-5 16.2 23.1 29.3 2d. l  31.2 19.3 35.0 3c.5 44.9 *2.4 
36 132.8 41.2 41.2 41.2 41.2 41.2 53.1 66.4 66.4 "b.4 51.9 82.4 17.9 103.6 98.3 
-39 _--4Zr@.-35-~8---3.b.3 - 2 9 . 5  . .39*5- -38.,3 38.3 38.3 44.5 3809  38.9-_50.2 47.1 56.5 53.4 
31.5 40.7 37.6 35.6 71.2 76.2 69.1 27.4 27.4 65.1 6541 89.5  89.5- 
51.0 79.0 64.2 98.8 107.J 111.9 60.9 44.4 :.'+a4 lF5.3 105.3 144.8 144.8 1 
28 205.8 12.0 72.0 72.0 72.0 78.2 78 .2  78.2 rc.2 i u . 1  96.7 148.2 137.9 185.2 174.9 1 
38 94.2 33.9 45.2 45.2 45.2 35.0 35.0 35.6 59.4 35.8 35.8 75.4 70.7 84.8 a0.1 
40  1+3*+ 81.7 81.7 81.7 81 .7  81.7 81.7 81.7 103.Z 96.1 96.1 114.7 107.5 129-E 121.9 1 
41 97x7. 2.5~' -5527 .. 55.57- -55.7 55.7 55.7 55.7 55.7 74.2 60.5 78.1 73.2 87.9  C3.C 
42 62.5 20.0 20.0 20.0 20.0 Z G . 0  20.0 20.0 20.0 56.2 20.0 50.0 46.9 56.2 ! ? a 1  
43 254.1 88.9 88.9 88.9 88.9 96.6 132.1 1 29.6 127.0 147.4 %.6 183.0 170.2 228.7 2 1 5 . L  
4 4  110.8 4 8 . 8  48.8 48.8 48.8 48.8 48.0 48.8 48.8 55.4 88.6 88.6 83.1 99.7 w.2 
A - - U . ! % t B - . . B b . l . - & 2 .  - 86.2 --86..2.- .>be2 86.2 86.2 8 6 I 2 ~ - 9 7 . 9  156.7 156.7 145.9 176.3 lb6.5 --; 
46 163.4 57.2 57.2 57.2 57.2 57.2 57.2 57.2 57.2 81.7 98.0 117.1 109.5 147.1 138.9 
-5 -  - - 3 Q i ? z Z 1 4 J  _114.3-145*0-123&-24.2 123.9 111 .I 24.2 24.2 24.2 30.2 30.2 172.2 51.4 1. 
52 146.2 30.7 30.7 30.7 30.7 30.7 30.7 30.7 3U.7 30.7 30.7 39.5 30.5 127.2 30-7 1 
61 3b6.9 
63 99.8 8.0 18.0 24.0 18.0 8.0 25.9 11.0 11.0 30.9 18.0 27.9 18.0 66.9 8.0 
_ _ 6 L _ B B 1 9 L _  -60.5--55:3. -54-3p5*..3-- 62 .3  54.3 5k-Z  54.3 54.3 63.1 54e.3 63.1 63.1 
65 168.6 16.9 42.1 59.0 53.9 16.9 59.0 74.: 70.8 16.9 16.9 55.6 16.9 146.7 16-9 i 
,I 230.3 29.9 82.9 99.0 8 7 . 5  92.1 12 8 9 32.1 87.5 29.9 29.9 62.2 39.1 161.2 29.9 1 
h3 86.2 77.6 77.6 77.6 77.6 77.6 77:6 7 i . 6  77.6 86.2 77.6 86.2 86.2 86.2 86.2 
2 9 - - . 2 6 , 2 - & .  ____ h I - . I b . j .  16.4 L&..+.--J&.4 16.4 l b . 4  45.2 26.0 57.7 57.7 79.8 79.8- 
7 0  124.7 24.9 24.9 24.9 Lie9 E4.9 24.9 67.4 64.9 34.5 31.2 46.2 4b.2 99.8 S a 6  
- 2 Z -  "L4 Q 3 L  9- . .83,L ._BLJ--.Sl.J __ 83.1 83.1 83.: 93.4 83.1 9 3 d i  - 93.4 C3.4 93.4 - 
74 '.1 76.1 36.1 76.1 76.1 76.1 76.1 76.1 76 . ;  76.1 76.1 76.1 76.1 76.1 76.1 
75 .* .2 33.5 33.5 33.5 33.5 33.5 33.5 33.5 33.5 90.7 +be0 74.5 78.2 115,s #-I 
77 93.8 83.5 83.5 83.5 83.5 83 5 R9.i 89.1 89.1 83 .5  83.5 93.8 93.8 93.8 93.8 
7 I  96 .2  . . . 4 3 . 3 -  -52.9 60.6 55.8 48e.l 48,1_-4O.s,1 .-48.1 -43.3. 43.3 70.2 13.7 64.5 74.1 -- 
79 71.6 71.6 71.6 71.6 71.6 71.6 71.6 71 .6  71.6 71.6 71.6 71.4 71.6 7 L 6  71.6 
80 1 4 6 ~ 9 _ _  _-130.7 130.7 13Qr1_-_13&.-7 130.7 130-.7_-130.7 130.7 t38.1 130.7 136.6 13h 8 146.9 156.9 F 
85.4 85.0 85.0 8 5.0  93.6 110.5 110.6 110.6 2 5 c O  85.0 119.1 119.1 119.1 119.: 1 
67 .  A 77.4 112.2 112.2 65.8 63 . :  174.1 162.5 96.7 65.8 r i  
62 -1QEr7. 32._6_-. ..%EL9 32& 32r4 . 3226 .4:..&-- 32.6 32.a- 38.0 32.6 108.7 32-6 970-8 97.6 - 
- 7 ~ .  1 
82 114.1 114.1 114.1 114.1 114.1 116.1 114.1 1 1 4 . ~  114.1 114.; 114.1 114.1 i i+. i - - i i4-: i - ib4. i -  a 
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FIGURE 3-31 
FACILITY RESEARCH VALUES - BASELINE FAClLiTlES 
(Capability 3f Existing Plus New Facilities) 
-~ 
OPERATlOllAL SYSlEa 
---____.-___ L2 c 1  rr! _ _ _ _  E- . -  
232 ~. 6563.5-650712 _ _  e 9 4 0 2  
233 5922.3 642019 6417.5 
__-  2 57 7256.5 ~ _-6676m1- 6621.0 
260 6055.9 651608 6493.9 
284 5662.3 6131.1 6126.6 
Cf  1 468C.9 5 4 7 2 . t  5661.7 
c I2 4941.6 6133.1 6305.9 
c/3 5457.1 6434.9 6545.2 
c 14 6218.8 7108.1 6994.8 
C /  5 659319 7438.3 7155.9- 
7427.1 
6049.4 
684%m9 
6221 1 
5753.2 
kb52.1- 
4931.2 
5463.1 
6227.5 
6614.1 
260 68.0 73.2 81.1 69.1- 
284 63.6 60.9 77.1 63.9 
c / 1  52.7 60.9 71.2 51.7 
- 
c / 2  55.5 68.9 79.3 54.8  
c13 61.3 72.3 82.4 60.7 
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6. GROUND RESEARCH FACILITY SYNTHESIS 
The f i f ty-four  g r o u d  research f a c i l i t i e s  postulated,  and s tudied  In Phase I 
vere evaluated at t h e  end of P l . s e  I i n  terms of  cost  and resea.rL.., capabi l i ty .  
Elever, ground research k a c i l i t i e s  vere re ta ined  f o r  refinement i n  Phase 11, f o r  
p a r m e t r i c  e-.-sluation of t h e  bas ic  t es t  l e g  and f a c i l i t y  components (Figure 6-1). 
The design and operat ional  features of t he  s ign i f i can t  cost  items were s tudied  t@ 
iden t i fy  a p r a c t i c a l  s i z e  and performance 05 t h e  necessary equipment f o r  each of 
t h e  e l e v a  ground research f a c i l i t i e s .  
FIGURE 6-1 
PHASE I1 GROUND RESEARCH FACILITIES 
' 3  I I I 
In  general ,  t he  cost  of tLe test leg itself w a s  s m a l l  c a p w e d  t o  t h e  cost  of t h e  
other f a c i l i t y  components, represented by ccmpressor p lan ts ,  vacuum pumps, r e f r ige r -  
a t ion  systems, and prime movers. 
t r i b u t i n g  t h e  most s ign i f i can t  increments t o  t h e  t o t a l  cost  of each f a c i l i t y  while 
the  conditions generated by t h e  tes t  l e g  conti-ibcte ',he most t o  the  f a c i l i t y  research 
value. Thus, unless the  s i z e  of t he  t e s t  Leg i t s e l f  was  varied,  i n  most cases the  
var ia t ions  i n  f a c i l i t y  components s ign i f i can t ly  a f fec ted  cost  without materially 
af fec t ing  t h e  f a c i l i t y  research value. This necess i ta tes  c lose scru t iny  of general  
engineering f ac to r s  associated with the  s i z ing  and performance of t h e  f a c i l i t y  com- 
ponents. 'lke eleven ground research f a c i l i t i e s  re ta ined  f o r  refinement i n  Phase I1 
are described i n  Figure 6-2. 
This f a c t  r e s u l t s  i n  the  f a c i l i t y  ccmpanents con- 
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FIGURE 6-2 
PHASE II GROUND RESEARCH FACILITIES 
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The design refinements and parametric evaluations performed on tne eleven 
Phase Ii f a c i l i t i e s  a r e  preseated i n  F i g x e  6-3. 
some parar. ters could be var ied independently t o  e s t ab l i sh  t rends while others  were 
constrained bj t r a j ec to ry  sirnulation requirements, mater ia l  s t rength,  o r  operat ional  
considerations. The wide spectrum of f a c i l i t i e s  s tudied precluded a universal  
appl icat ion of rules t o  optimize t h e  designs. Each c l a s s  of f a c i l i t y  has its own 
pecul iar  requirements ana parameters which a r e  a r b i t r a r i l y  var iable .  The nost  
universal  appl icat ion of design guidelines and p a r m e t r i c  var ia t ions  occurred i n  t h e  
anc i l la ry  eqcipment; where the  purpose of t h e  equipment was r e l a t ed  t o  i t s  function 
and not necessar i ly  t o  i t s  appl icat ion t o  a spec i f ic  f a c i l i t y .  
A s  indicated i n  the f igure ,  
The f a c i l i t y  r e l a t ed  concepts s tudied are as l i s t e d .  
The degree of Reynolds number dupl icat ion,  i n  terms of t h e  maximum f u l l  
s c d e  requirement (gasdynamic ) 
For a given degree cf Reynolds number sirnulation, t he  e f f ec t  of increasing 
tes t  sec t ion  s i z e  over a minimum s i z e  (gasdynamic) 
The degree of t r a j ec to ry  simulation necessary i n  the  t ransonic  region f o r  
free j e t  engine t e s t i n g  (englne) 
Scramjet module s i z e  reTiirements iz terms of t h e  f u l l  s ca l e  engine modules 
[engine ) 
The required degree of t r a j e c t o r y  simulation necessary, compared t o  f a c i l i t y  
material/cooling :imitations (eng: ne 1 
The t e s t  a r t i c l e  s i z e  necessary f o r  s t r u c t u r a l  research programs (s t ruc-  
t u r e s )  
"he degree of envi romenta l  simulation necessary f o r  various structural 
research progrms [ s t ruc tu res )  
Techniques required t o  provide t h e  conditions nezesssry t o  achieve var icus  
degrees of environmental simulation ( s t ruc tu ra l  1 
The general  engineering parameter varia+,ions are presented i n  Subsection 6.3. 
A complete descr ipt ion of t h e  cos t  guidelines and bas is  i s  given i n  Subsection 6.1. 
The d e t a i l s  of t he  design c r i t e r i a ,  f a c i l i t y  parametric evaluations, and control- 
l i n g  considerations are given f o r  each grogp of f a c i l i t i e s  (gasdynamics, engine, 
s t ruc tu ra l  and materials) i n  Subsectians 6.3, 6.4 , 5.5, and 6.6. 
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6.1 GENERAL COST ETfIOD3LOGY 
This sect ion presents t h e  guidelines and tecimiques used t c  prepare acquis i t ion 
costs  and operatiag costs  f o r  t h e  basel ine ground research f a c i l i t i e s .  To e s t ab l i sh  
t h e  costs  f o r  t h e  parametric var iz t iozs  ( a l t e rna te s )  i n  f a c i l i t y  s i z e  o r  capabi l i ty ,  
sca l ing  l a w s  w e r e  developedwhich r e h t e d  the  magnitude of the  physical pa rme te r s  
describing the  hardware t o  t h e  f a c i l i t y  s i z e  and performance (Subsection 6 .l. 14) .  
2ost of individual  
components =.;+ r Is5?:a ',::?e Zaci l i ty  complex. 'The experience and juaement of vendms 
nanufacturing ami siipplying t h e  major componel;ts was extensively used t o  qual i fy  
and vdl idate  t h e  generalized cost  re la t ionships  used i n  Phase I. Figure 6-4 in- 
dicates  t h e  various so*arces of information used i n  developing t h e  cost  estimates 
f o r  t h e  cliffereat. f a c i l i t y  components. 
t i o n  f o r  each. component i s  discussed i n  t h e  appropriate subsection. 
X? A %-"e ;Le qromd research fscifities were p r i r s d  by deterniniag the  
The general  approach tzlren f o r  cost  estima- 
It m u s t  be recognized t h a t  each of t h e  ground tes t  f a c i l i t i e s  described herein,  
and t h e i r  various a l te rna tes  , represent ,  without exception, t h e  l a rges t  f a c i l i t i e s  
of t h e i r  type ever se r ious ly  consideyed, and thus require  anc j l la ry  systems and 
eq-aipment considerably l a r g e r  and higher i n  performance thaa any ex i s t ing  f a c i l i t i e s .  
It should also be recognized t h a t  t he  depth of ana ly t i ca l  treatment poes5ble f o r  the 
la rge  number of f a c i l i t i e s  and t h e i r  a l t e rna te s  in t h e  short  time al located t o  t h i s  
phase precludes a very de ta i led  descr ipt ion of t h e  f a c i i i t i r s  themselves o r  3f 
t h e i r  auxi l ia ry  systems. 
estimates m u s t  r e f l e c t  t h i s  fac t .  Hovever, it i s  f e l t  t h c t  t h e  r e l a t i v e  costs  of 
t he  various f a c i l i t i e s  given are i n  proportion, having been estimated on a consist-  
en t  besis .  Likewise, t h e  d i s t r ibu t ion  of costs  mong t h e  various components of a 
f a c i l i t y  a re  considered r e l a t ive ly  accurate,  and provide a guide f o r  Phase 111, i n  
which t h e  major cost  contributors are thc components which w i l l  receive t h e  grea tes t  
amount of c r i t i c a l  analysis  and more de+,ailed cost  estimation. 
Only gross cha rac t e r i s t i c s  a re  described, and t k e  cost  
As def in i t ion  of t h e  compoilents becomes more spec i f i c  i n  Phase 111, t h e  com- 
ponent manufacturers should provide a credible  base from which t o  r e f ine  f a c i l i t y  
costs.  This refinement w i l l  be pr inc ipa l ly  based on providing more economical. 
arrangements of equipment t o  achieve t h e  desired capabi l i ty .  
estimation techniques used i n  developing t h e  acquis i t ion cos ts  of each f a c i l i t y  
(Section 6.1.1 t h r u  6.1.12), t h e  cos t s  associated w i t h  operating t h e  f a c i l i t y  
(Section 6.1.13) and t h e  sca l ing  r u l e s  which were developed i n  order t o  estimate 
the  impact of s ize  cad perfonnance requirements on f a c i l i t y  costs  (Section 6.1.14). 
The following sect ions describe t h e  general  ground rules followed and t h e  cost  
6.1.1 GROUND RULES - 
costs are as follows: 
The assumptions governing t h e  estimation o f  acquis i t ion 
Y) 
(Figure 6-5). 
A l l  estimates were based on 1970 dol la rs  using Means Indus t r i a l  Index 
b )  Cost of s i t e  acquis i t ron was  not included i n  t h e  cost  estimates.  It i s  
assumed t h a t  these f a c i l i t i e s  vould be constructed on government ownet2 property,  
and most probably at ex is t ing  maJor test centers.  Minimum cos ts  a re  incluc?ed i n  
t h e  building cmplex cos ts  f o r  s i t e  preparation, grading, access roads and sidewalks. 
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FIGURE 6-4 
FACILITY COMPONENT - COST ESTIMATE SOURCES FOR GROUND RESEARCH FACILITIES 
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Component 
/ Es%;ng 1 
Richardson Eng. Service 
Estimation Manual 
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0 MDAC-ED Budgets 
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Allis Chalmas 
pDI# Steel I 
./ Air Reduction Co. 
Westindouse 
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i- Pratt 8 Whitney Ingersoll-Rand ! 
F.C. Brown & Co. I 
t- Linde Div. Union Carbide Philadelphia Gear Co. I Cornell Aero Lab. I 
NASA Lewis I t- I AEDC 
Union Electric Co. 
MCDONNELL AIRCRAFT 
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FIGURE 6-5 
HISTORICAL COST FACTOR FOR EQUIPMENT AND 
BUILDING COHSTRUCTION ADJUSTED FOR A 1970 BASE YEAR 
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2 )  Each f a c i l i t y  has been independently estimated, w i t h  no consideration as 
t o  i n k g r a t i o n  with other  proposed f a c i l i t i e s  o r  with ex is t ing  f a c i l i t i e s .  Con- 
s ider ing  the  dominating costs  of the  f a c i l i t y  components, r a the r  than the  tes t  
l eg  i t s e l f ,  in tegra t ion  i n t o  ex is t ing  f a c i l i t i e s  could o f f e r  subs t an t i a l  savings 
i n  anc i l l i a ry  equipment costs .  Integrat ion p o s s i b i l i t i e s  w i l l  be considered f o r  
the  f a c i l i t i e s  car r ied  forward i n t o  Phase 111. 
d )  It was  not possible  t o  estimate individ-lly t h e  cost  of each f a c i l i t y  
s t r u c t r r e  and component f o r  a l l  t he  var ia t ions upm t h e  severa l  basel ine def ini-  
t ions .  The basel ine def in i t ions  were cost  estimated and these  costs  were scaled 
t o  determine costs  of similar, but l a rge r  o r  higher perfornance equipment. 
scal ing l a w s  used are developed i n  Sectioa 6.1.14. 
The 
6.1.2 BUILDINGS AND STRUCTURAL SHELLS - Cost estimates f o r  s t r u c t u r a l  elements 
of t he  va;-icus f a c i l i t i e s  werz developed using procedures out l ine  i n  Commercial- 
Indus t r i a l  Estimating and Engineering Standards, 1969 ed i t ion  , prepared by Inter-  
na t iona l  Estimating Services,  and published by Richardson. Engineering Services , 
Inc. ,  Downey, California.  
The costs  of t h e  tes t  l e g  s t r u c t u r a l  components of the gasfljrnamic and engine 
research f a c i l i t i e s  were estimated by estimating the volume, tonnage, and type of 
mater ia l  required,  -using as a source t k e  f a c i l i t y  sketches and descr ipt ions which 
were developed during t h i s  phase. The forming, fabr ica t ion ,  and erec t ion  costs  were 
then estimated using the  procedures i n  Richardson's Manual. Special  fea tures ,  
such as f l ex ib l e  p l a t e  nozzles,  required the  provision o f  addi t ional  costs  f o r  
machining, actuators ,  and cor_trol systems. Foundations f o r  these components w e r e  
pr iced t o  inciucie excavation t o  te&ock ti non;inai ;V :sei ( 6  n) beibx grace. 
Buildings which were estimated include laboratory,  o f f i ce  , and control  areas 
f o r  t he  flow f a c i l i t i e s  and the  materials f a c i l i t y .  Areas of these  buildings were 
estimated based on tes t  area s i z e  and costs  were developed, using Richardson's 
Manuzl, on a per  a rea  Sas is .  
s t e e l  reinforced concrete foundation. 
These buildings were assumed t o  have a s i x  inch (15 cm) 
Exterior w a l l s  f o r  high bay indus t r i a l  areas a re  pre-enameled sandwich panels 
with 1 . 5  inch (3.81 cm) insulat ion.  
with continuous windows. 
Lighting i s  provided a t  100-foot candles (1070 lumen/m2). 
t i l a t i o n ,  comfort conditioning, plumbing, e tc .  , are provided proportional t o  
building envelope s ize .  
Office areas are enclosed by cur ta in  w a l l s  
Roofs are of a built-ug type on a metal roof deck support. 
Convenience, power , ven- 
The s t r u c t u r a l  t e s t  f a c i l i t y  bui lding i s  assumed t o  have the  sane s o r t  of 
construction, with the exception that f loors  subjected t o  s t r u c t u r a l  load bearing 
tests a re  at l e a s t  3 f ee t  ( .91  m) t h i ck  w i t h  1-7/8 inch (4.76 cm) s t e e l  re infcrcing 
rods 6 inches (15 cm) each way on center ,  and r e s t  e i t h e r  on bedrock or  p i l ings .  
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6.1.3 
equipment and associated operating fac tors  which cons t i tu te  t he  t o t a l  system. 
COXF'HESSOR PL4NTS - The air system costs  were estimated from the  major 
The gasdynamic and engine tes t  f aE i l i t y  air systems comprise a. corcpressor p lan t ,  
air storage tank and d is t r ibu t ion  l i nes .  A nomsnal stored mass w a s  described i n  
terms of differenb storage pressures and volumes, and used as a bas is  fo: deter- 
rcining the  compressor requirements a t  d i f fe ren t  pumpup times. The necsssary power 
t o  dr ive the  compressois was then known as a function of s tored mass, pump-up time, 
and storage pressure. 
f o r  t he  applicable systems. 
This information w a s  then scaled t o  provicfe c o d  estimates 
These are presented i n  Figure 6 4 .  
The air storage presswe vessel  requirements were developed t o  t h e  ASME Code 
f o r  unfired spherical  s h e l l  vessels under in t e rna l  pressure,  Paragraph UG-27. The 
tonnage of s t e e l  required t o  provide storage tanks and d is t r ibu t ion  piping systems 
was estimated and priced by the  component method f o r  fabr ica t ion  and erection using 
the  procedures i n  Richardsons. 
requirements of each flow f a c i l i t y  . These costs  were then extended t o  the  air system 
Synchronous e l e c t r i c  motors with wound ro tor  starters are  used t o  drive the  
compressors. 
flow was  calculated using the  following formula, f o r  isothermal compression with 
75% efficiency. 
The power required as a function of cutput pressure w d  in le t  volume 
p2 c Required power = s.1.101~161 Va Ta I n  6.1-1 
Pa = Atmaspheric pressure 
P2 = Compressor discharge pressure 
Va = W e t  vciume flow (scfm) 
This eqGafion i s  p lo t ted  i n  Figure 6-6a along with relat ionships  f o r  t h e  %ore 
exact multistage polytropic compression process. It can be seen t h a t  t he  75$ 
e f f i c i en t  isothermal process gives more conservative power estimates than the  
polytropic multistage process. An in te res t ing  conclusion which can be drawn fror. 
t h i s  figure, and which i s  substantiated i n  actual  compressor plant  designs 
t h a t  t he  power (and thereby over-all plant  cos t )  is l i nea r ly  proportional t o  the  
i n l e t  volume flow rate, wherea- the  pressure has a major e f f ec t  only i n  the  lov 
pressure range. 
i s  
. The dollar per brake horsepower un i t  costs  f o r  t he  compressors are  given i n  
Figure 6-7. 
(1.41 x 
10 gpm/bhp (8.44 x 
sor  plant  determined f r o 3  Figures 6-6a and 6-6b. 
w i l l  be i*efined, as f o r  low pressure cooling systems the  water cooling pump require- 
ments could be subs tan t ia l ly  reduced. A nearly horizontal  cooling system wi+,h low 
veloci ty  cooling water could be provided f o r  as l i t t l e  power a t  1.0 gpm/hp 
(8.44 x 
Cooling water f o r  t he  compressx w a s  determined at  1.67 gpm/bhp 
m3/kW-secj and the  cooling water pump horsepower w a s  determined a t  
m3/sec-kW). These fact.3rs were added t o  t h e  basic  compres- 
During Phase 111. these fac tors  
x 10-3 m3/sec-kW) i n  some Lns taces .  
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FIGURE 6-6a 
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6.1.4 
b o i l e r  steam generation systems w e r e  invest igated f o r  appl icat ion t o  tke  s t e m  
ZTEY-: GEIERATORS AXD EJECTORS - Chenical L02/Alcohol Iiocket znd conventional 
e j ec to r  requiremerks of S2. 
very 10% chmber pressures when simulating climb t r a j e c t o r i e s .  
e j ec to r  u t i l i z a t i o n  r a t e  would nost probably be low, i n  terns of annual usage. 
These operat ima3 cfiar5cterFstics highly favcr the chemiczi stem generation systems 
over conventional b o i l e r s  , since chemical steam generation i s  character ized by 103 
acquis i t ion  2ost  and !-I%@ operction cos t s  i n  comparison t o  bol:.ers. 
stem e jec to r  system w a s  e s t i m t e d  by r'. C. Brown Coy f o r  t he  S2 basel ine facilit:;. 
9 - 5 5  estimite, together with previous estimtes f o r  other  similar systems, provided 
s u f f i c i e c t  data from which t o  develop Figure 6-8 f o r  chemical stem generetors. 
This f s c i l i t y  requires  very l a rge  =vacuation rztes ar.6 
In  zc?dition, t h e  
4 chenicai 
FIGURE 6-8 
LOz/ALCOHOL ALTITUDE SIMULATION SYSTEM 
ACQUlSlTIOIU COSTS 
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6.1.5 
use of  synchronous e l e c t r i c  mators with wowld ro to r  s t a r t e r  motors. 
PRIXE X O V ~ z i  COSTS - Costs of prime movers used i n  t h i s  phase a-e based OR t h e  -
Figure 6-9 
shows t h e  cos t s  of these  mozors as E f'unctLon of  shaf t  5orsepower and, f o r  reference,  
shows t h e  correz~1on3ing cos ts  f o r  gas turb ine  engines. 
of some exis t ing  g."s tu rb ine  power n i t s  a 2  e function of Dower. 
e l e c t r i c  notors wc:e used fo r  cost  estlmates Sn t h i s  phase, t hese  curves ind ica te  
t h a t  there  a r e  ait-?mate nethods which shouhi be considerid i n  detail. f o r  spec i f ic  
_rFplications i n  order t o  nizimize acquis i t ion aza operating costs .  
of some poss i5 i12t i?s  is  shown i n  Figure 6-11, which conqares a:qulsition and 
operating CGstc foi- tbzee nethods of groviding constant. speed ?over. The fi-rst 
zethod is a E&:; tu rb ine  d i r e c t l y  dr iving t h e  Isad. This xethod has tiie h i n h e s t  
acquis i t ion and l o r e s t  operating cost .  
a symchronous n i+?x- ,  .whcre t h e  motor and i ts  zant ru ls  are owned by t h e  cpextcr 
and t h e  ges t u r b h e  acquis i t ion  and nair=,c:wxe cos t s  sre amortized over e 1 5  year 
geriod a s s u i n g  1 2  nour u t i l i z a t i o n  per  day an? are iccludea i n  t h e  o ~ e r a t i n g  cos ts .  
The second netnod is a sync-hronous notor  w i t k  z t i l i t y  provided power. 
SZ? zcquis i t ioz  cost  as t h e  t h i r d  methcd but lover  o3erating cost-s, with t h e  pro- 
v i s lcn  tht t k t s e  cos t s  w e r e  based on the  rates charged a t  X D C  (See Section 6.1.6). 
For ordinary commercial rates, t h e  cos ts  could e a s i l y  exceed those of method t h r e e .  
Figure 6-10 shob-s the  costs  
Although straight 
An i l l u s t r a t i c n  
The t h i r d  nethod is  a gzs tu rb ine  &riving 
This has t h e  
These cos t  comThrisons are Tether simpfified and are f o r  constan? speeZ drlves 
or,ly. Other nethods are evai lable ,  such as d i r e c t  water turb ine  drive, snd a myria2 
of methods are eva i lab le  f o r  var iab le  speed drives such as are needed f o r  t h e  m u l t i -  
compression heater  engi-.e research f a c i l i t y  (E8). 
m a d e  of various d r ive  methods, and a general ou t l ine  of ava i lab le  energy scurces,  
ixxluding those used for  high, shor t  term peaking loads,  T i l l  be provided. 
6.1.6 UTILITY PF3VIDED POW - Power cosJ;s vere fu r the r  ref ined &ring Phase 11. 
It has proven very difficult  to predic t  t ho  exact cost  of e l e c t r i c a l  energy u n t i l  
t he  loads are b e t t e r  detemiped an3 t h e  geograihical  area fcr t k e  f a c i l f t i e s  i s  
ascertained. By analyzing t h e  AE!X p m e r  b i l l i n g  from t h e  YZ-4, it vas determined 
t h e t  t h e  average cost  of power i s  approximztely $.00615 per kiJ-hour. 
up of about 50% i n  transmission and generation charges and 5G5 i n  demand charges. 
The demand charges range between $.15 and $.go per  kW demnd pe- month depending on 
t h e  time of day. AEM: b i l l i n g  appears t o  be based on about 225 loa& during peak, 
64% load during intermediate,  and 100% load during aff-peak periods. 
c ia l  ccmpanies employ a much higher demand charge; i . e . ,  MDC demand b i l l i n g  f o r  
*act I1 i s  $1.99 per kW demand p:r month. 
per  kW f o r  peak periods and $.99:, per kW f o r  off-pezk periods. 
averages $.co8b per  PW-hr. 
ground f a c i l i t i e s ,  a d  wittoui. howledge of probable demad charges, a cost  of $.008 
per  kW-hr has been assumed f o r  all uti l i ty-provided e l e c t r i c  power f o r  t h e  estimation 
of f a c i l i t y  operating cos ts .  
In  Phase 111, a study ~ 5 1 1  'ce 
This i s  made 
Nost commer- 
The power company denand rate is  $1.99 
In t h e  absence of any spec i f i c  s i t e  se lec t ions  for  t h e  
?TDC cur ren t ly  
6.1.7 VACUUX CIiKMBERS - The vacuum requirements for  S2 a r e  protided fcr by build;-ne; 
a s t ruc tu re  with su f f i c i en t  framing t o  a l lov  t h e  attachment of a t o t a l i y  welded cold 
ro l l ed ,  mlld s t e e l  skin.  
are provided a t  one end OF t h e  building. 
valls t o  t h e  f loo r  s h a l l  be mil led on t h e i r  connecting surfaces t o  allow t h e  inser- 
t i o n  of an i n f l a t t b l e  seal .  
and the  building s t ruc tu re  s h a l l  be m i l l 4  t o  hold an i n f l a t a b l e  seal and t h e  doo:s 
shall be provided with a su f f i c i en t  nuaber of screw clamps t o  maintain t h e  seal. 
Ful l  opening, t r ack  mounted, e l e c t r i c a l l y  operated doors 
Those s t e e l  members a t taching t h e  s ide  
Those steel  members providing contact between t h e  doors 
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FIGURE 6-9 
ELECTRIC MOT(1R PRIME MOVER ACQUISITION COST 
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total capacity duing peak I 
desand #:id, 44% of total 
FIGURE 6-11 
COMPARATIVE COSTS FOR PRIME MOVERS, CONSTANT SPEED DRIVES 
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Chamber evacuation t o  one t o r r  (133N/m2; i n  a very short t i m e  period i s  accomplished 
by use of steam e jec tors  operated i n  conjunction with a L02-alcohol steam generator. 
Ejectors are so staged as  t o  proviSe f o r  minimum operation t o  maintain t h e  vacuum 
a f t e r  i n i t i a l  pump down. 
cation, and erection costs by the  method described i n  Section 6.1.4. 
The chamber w a s  priced by determining t h e  tonnage, fabri- 
The environmental chamber f o r  M-20 was priced using a curve r e l a t ing  v q u i s i t i o n  
ccs t s  of ex is t ing  environmental chmbers t o  t k e i r  diameters (Figilre 6-12). The spread 
of data i n  the  f igure i s  accounted f o r  by the  wic?e range 7f t es t  capabi l i t i es  repre- 
sented by these f a c i l i t i e s  ,and by t h e i r  var ia t ions i n  chamber shape, or ientat ion,  
and amounts of cryogenic storage volume. 
vas t h e  re lat ionship chosen for  estimating t h e  M-20 environmental chamber. 
The mean l i n e  indicated i n  Figure 6-12 
6.1.8 
estimating the  s teel  requixd t r  develop a sclf-siqporting shrcE6 21mg -zi:ith, the 
fabricat ion and erect ion costs primarily from experience. 
generators were priced at f i f t y  cents f o r  each acoustic w a t t  output. 
i n t o  acoustic vibration t e s t ing  was gained from discussion with MDC Laboratory 
personnel and NASA Technical Memorandum NASA TMX-58017, "Concept , Design, and 
Performance of t he  MSC Spacecraft Acoustic Leboratory". 
ACOUSTIC SHROUDS AND GENEEUTORS - Costing t h e  acoustic shroud involved 
The acoustic watt 
Some insight  
-1.9 STRUmLmAL HEAWRS AND THEFMAL CONTROL - The heaters are of e i the r  t he  quartz 
lamp oz graphite res is tance type. 
analysis of heaters required t o  produce a given heat flux per  square foot of area 
and w a s  used t o  es tab l i sh  quartz heater  cost. 
$12,000 f o r  120 Btu/ft2 sec through 450 Btu/f't2 sec (13'70 kW/m2 through 5120 kW/m2). 
Thermal control consis ts  of a programming capabi l i ty  and atemperature  recording/ 
controll ing capabi l i ty  using 250 kW igni t ron uni ts .  Cos-ts of thermal cant ro l le rs  
are taken at $5000 per  channel, based on ac tua l  costs of recent MDC purchases. 
Total  radiant heater  system costs are t h e  sum of t h e  heater  &.d control chamel  
costs. 
A cost  curve (Figure 6-13) was develoy?rd from an 
Graphite heaters w e r e  griced at 
6.1.10 
f a c i l i t i e s  are, unlike the radiant heaters used in t he  s t ruc tu ra l  f a c i l i t g ,  not 
comprised 
power. 
require intensive design e f f o r t  t o  ensure t h e i r  desired performance and r e l i a b i l i t y .  
A t  t h i s  stage of t he  study, only gross chare- te r i s t ics  of t he  various heaters 
are known, such as maximum power, mass flow, and temperature, so  some general rules- 
of-the-thumb w e r d  developed i n  order t o  estimate t h e  cost  of t h e  many heaters re- 
quired. 
a)  
A I R  HEATERS, COSTINUCUS AND STORAGE - The various heaters i n  the  flow 
of numerous individual heaters  of current technology l e v e l  s ize  and 
They are, i n  general, very la rge  and powerful un i t s  which w i l l  ce r ta in ly  
These are discussed for  t he  various heater  types. 
E lec t r ic  Heaters - These heaters , examples of which are required on 0 7  , 
GD15,  E6,  E O ,  and the  air preheater of 339 w e r e  cost  estimated on the  b G i s  of the  
actual  costs of several  yecent MDC resis tance heater  purchases. 
pzr kilaratt was usea, t h i s  cost  including the  en t i r e  heeter  and i t s  control  system. 
A ..due of $22 
b )  Gas-fired Heater - A heater  of t h i s  type I s  used on G D 3  i n  order t o  avoid 
air l iquefaction at its higher Mach nurnbers. This heater  cost  w a s  estimate& based 
on a recent purchase of a similar, but  smaller, heater  from Combustion Ensineering 
Company. The cost w a s  scaled proportional t o  t h e  heating rate required. 
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME ill PART I 
E 
aJ 
r-i 
rl 
E: 
H 
FIGURE 6-12 
SPACE CHAMBER ACQUISITION COST AS RELATED TO SPACE CHAMBER DIAMETER 
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c )  Pebble Bed Storage Heater (Eg)  - In  t h i s  case,  t h e  zirconiL re f rac tory  
heater  w a s  essen t i a l ly  iden t i ca l  i n  s i z e  and pressure r a t i n g  t o  a proposed heater  
at AEDC. The estimated cost  of t h e  AEDC heater  w a s  used d i rec t ly .  
d)  Multirecompression Heater (E81 - This hea ter  i s  ac tua l ly  a mechanical 
device which both heats and compresses the  air  passing through it. No examples 
of any s i ze  have been constructed,  so  sca l ing  i n  any manner i s  not possible.  
t h i s  case,  a rough estimzte of the  mater ia l  ana fabr ica t ion  costs was obtained, 
using. the very conceptual MF3X sketches as a basis .  
at Philadelphia Gear Company aided i n  estimating t h e  cost  of t h e  ro tors  i n  pa- t icu-  
lar. 
In  
Consult3tion with personnel 
e )  Carbon-monoxide Combustor (Eg)  - Again, no sca i ing  from ex i s t ing  similar 
combustors w a s  possible  i n  t h i s  case,  so meterial an& f a b r i c a t i w  costs  w e r e  
estimated d i r ec t ly  from the  Phase I1 conceptual sketch (Figure 6-73) and using 
the  general  p r inc ip les  discussed i n  Section 6.1.2. 
f )  Graphite res i s tancc  hea ter  (E9 A l t .  ) - The cost  of t h i s  hea te r  was scaled 
from da ta  provided by NASA LeRC on the i r  Plumbrook F a c i l i t y ,  which incorporates a 
graphite induction heater.  
6.1.11 
equipment required t o  record,  s t o r e ,  compute, and playback da ta  co l lec ted  during 
DATA 3-CQUISITION COSTS - Data acquis i t ion equipment i s  defined as t h a t  
f a c i l i t y  operation. For the  flow f a c i l i t i e s  it was  based on an estimate of re- 
auired channels and costs  extragolated from exis t ing  f a c i l i t i e s .  For t h e  non-rlow 
f a c i l i t i e s  it w a s  based on t h e  number of cont ro l  channels necessary and the  numbcr 
of environmental- parameters being simulated, as determined fron t h e  f a c i l i t y  com- 
ponent breakdowns. Source information from recent MCAIR purchases indicate  a 
nominal cost  of $1000 per  dat-. acquis i t ion channel. 
6.1.12 - INSTRULENTATION COSTS - The instrumentation comprises tkermoconples 
s t r a i n  gauges, pressure transducers,  flow meters accelerometers microphones, 
and any other  devices which a re  required t o  sense physical quant i t ies  required fo r  
f a c i l i t y  cont ro l  and tes t  data.  
source data,  and a cost  of $1000 per  instrunentat ion channel was used. 
MCAIE ar-d MDAC-ED budgets were again used f o r  
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6.1.13 OPERATING COSTS - Operating cos ts  f o r  each f a c i l i t y  were developed on an 
occupancy-hour basis .  
a f a c i l i t g .  o r  portion of a f a c i l i t y .  and includes set-up, ca l ibra t ion ,  tesc ing ,  
and t e s t  removal times. 
Occupancy hours e r e  defined as t h e  t o t a l  time a t e s t  occupies 
Different ra t iona les  are required t o  ca lcu la te  operating cos ts  f o r  ;-,e flow 
ana non-flow f a c i l i t i e s .  
at  a given time, and a l l  t i -p l i caUe  charges incurred by t h e  t e s t  a r e  applied d i r e c t l y  
t o  it. For non-fhw f a c i l i t i e s ,  several  or  many t e s t s  can be going on s iml taneous ly .  
The various t e s t  a r t i c l e s  carl vary widely i n  s i ze  and i n  t h e  amount and type of 
t e s t  environuents being used. 
number which i s  applicable t o  any and all tes ts  being run ir, i r=c-flaw f a c i l i t y  
without kncwing t e s t  a r t i c l e  type,  s i z e ,  t z J e  of envirolxment(s) t o  be used, amount 
of power required,  and t h e  number of persoiinel, d i r ec t  and ind i r ec t ,  charging t h e i r  
t i m e  t o  t he  t e s t .  
ayer;ating t h e  e n t i r e  fac i i i t .y ,  assuming 2000 hours of avai lable  occupancy t i m e  per 
year. In  order t o  ca lcu la te  t h e  cost  of a given, i den t i f i ed  t e s t ,  an estimate o f  
thc prtipcrtion of t h e  various services  required should be made and ra t ioed  t o  t h e  
t o t a l  ccphbi l i ty  cost .  
In  a flow f a c i l i t y ,  only one t e s t  occupies t h e  f a c i l i t y  
It i s  impossible, therefore ,  t c  ca lcu la te  a s ingle  
The approach taken her'; i s  t o  ca lcu la te  tne  average cos t  of 
Operating cos ts  f o r  both f a c i l i t y  ca'iegories include the  cost  of power, con- 
sumables , maintenance p r t s  and supplies , and f ac i l i t j -  s t a f f ing .  
of  t h e  f a c i l i t i e s  are not included, it being assumed t h a t  acquis i t ion  of t h e  f ac i l -  
i t i e s  w i l l  be provided fo r  by spec ia l  appropriations,  wh-'le operating cos ts  a r e  
charged t o  an annual operations budget fo r  t h e  tes t  center .  
Amortization cos ts  
!a) Non-Flov F a c i l i t y  Operatiruq Costs - The various items comprising t h e  
t o t a l  operating cost  of the non -flow f a c i l i t i e s  a r e  explained below: 
o Cost of bui lding operation and maintenance i s  taken t o  be 10% of t h e  building 
acquis i t ioa  cost  per year. 
cos t s  from MCAIR budgets. 
This fac tor  i s  based on analysis  of si-milar 
o Cost of ??viromenta1 chamber operations and maintenance i s  taken t o  be 3% 
of t h e  c.i.y.&er acquis i t ion cost  per year,  and i s  based on average MDC budgets 
f o r  t h i s  type of equipnent. 
Cost of radiant  hea te r  maintenance i s  dependent of t he  range of heating rates,  
s ince  hea ter  replacement rate is  propofiional t.0 t h e  heating r a t e .  
For rates l e s s  than 110 Btu/i't2 sec (1250 kW/m2) , coaplete replacement 
of a l l  heaters  every ;O years  i s  assumed. 
For rates grea te r  than 110 Btu/f t2  sec (1250 kW/m2), complete 
replacement of a l l  heaters  every year i s  assumed. 
o 
These heater  replacement cos t s  a r e  based on experience i n  the  MCAIR radiant  
heat f a c i l i t y .  
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o Cost of control  equipment data  acqa is i t ion ,  and inFtrumentation rapa i r  
and maintenance i s  propoi t ima1 t o  the  number of data channels and i s  base2 
on the  labor  charge ( a t  $10 per hour) of one man servicing 150 ch- d m e l s .  
Th i s  cost  i s  basc.: OKI operating experience i n  t h e  MCAIR eriqinecring labor- 
a tor ies .  
o Cc t of miscellaneous services  arid u t i l i t i e s  mairkenance i s  taken t o  be 
16% of t h e i r  acquis i t ion cost  per  year. 
t h e  experience of t he  MCAIR engineering labs .  
This f igure  i s  representzt ive of 
o Cost of  substztion o3eration and maintenance i s  taken to be 3% of +,ne sirb- 
s t a t i o n  acquis i t ion cost  per y e a r  and is  based on average indus t r i e l  sub- 
s t a t i o n  replacement r a t e s .  
o Elec t r i ca l  power cost  is based on $.008 per kwhr (see Section 6.1.6 
u t i l i z i n g ,  on the  average, 33% of the  maximum ins t s l l ed  power. 
3 Cost of e j e r t o r  operation i s  proporticnal t o  the  pumping r a t e  
thus climb t r a j ec to ry  simulated) of t he  vacl-ium chmber,  aii3 i s  maJe 
9 
( a id  
up of 
t h e  cost  of LO2, alcohol,  and w a t e r  f o r  steam generation. 
model, i_t is assumed tha t  t h e  vacuum chamoer is  occupied one-third of t h e  
a v d l a b l s  time (or  667 hours Der year ) .  During t h j s  t ime, t he  chmber i s  
under ac tua l  valxum conditions 10% of t h e  t ime, t h e  remainder of t he  t i n e  
being spent i n  Lest i n s t a l l a t i o n ,  instrumenttt ion,  ca l ibra t ion ,  and t e s t  
a r t i c l e  removal. 
A t y p i c a l  one-hour run has been assumed, ccm ' s t ing  of a 4-minute climb t o  
a l t i t u d e  m d  56 minutes holding at  a l t i t u d e ,  trherc the  steam consum?tion i s  
10% of the maximum r s t e  i n  order t c  ovcrcGme the ckaxber !eak r a t e .  This 
run model i s  used, iii conjunction with F i g c e  6-14, chich ' t o w s  operating 
cost  as a function of run time and steam r a t e ,  t o  ca lcu la te  t h e  t o t a l  
e j ec to r  operating cost  per  year o r  per  2300 t o t a l  f a c i l i t y  avai lable  occu- 
pancy-hours . 
For t h i s  cost  
Thus, 67 hours per year are rpent under V~CUUTC ccnditions.  
'\ 
( b )  Flow Fac i l i t y  OpeFating Losts - A s  discussed above, operating cos t s  of 
flow f a c i l i t i e s  can bc calculated d i r e c t l y  on an occupancy-hour bas i s ,  s ince only 
m e  t e s t  at  a time i s  perfoAxed, and a l l  systems and components comprising the  
f a c i l i t y  a r e  u t i l i zed .  A run model i s  necessary, as fo r  t h e  steam e j ec to r s ,  f o r  a i l  
cost  f ac to r s  which a re  incurred as a fu .d t ion  of ac tua l  run times and t e s t  condit.ions. 
Assumptions made fo r  t he  flow f a c i l i t y  operating cos ts  are exrlained below: 
o Repair and mainterance cos ts  were calculated on a bas is  o f  3% of t h e  t o t a l  
f a c i l i t y  acquis i t ion cost  per year o r  per 2000 avai lable  occupancy-hours. 
This i s  a judgement fac tor  which w a s  used because of t h e  f i f f i c u l t y  of ob- 
ta in ing  industry da t a  on the  wide range of f a c i l i t y  types represented i n  t h i s  
phase, and because of t he  novelty of several  of t he  f a c i l i t y  concepts 
where no such da ta  i s  avai lsble .  
o Labor or s t a f m  cos ts  were calculated by bssmiiig a s t a f f ing  l e v e l  fo r  
each f a c i l i t y  and an average rate of $lG/hour t o  allow f o r  some overhead 
functions.  
0 
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F IGURE 6-14 
OPERATING COST 
LO2 'Alcohol Altitude Simulatiorl System 
240 72il 960 1200 1140 1680 
f&n Time - Seconds 
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'JtIlity-grovided e l e c t r i c  wver - S. GOB per  kilo-att-hour (Section 6.1.6) 
Gas t w b i s e  :over - s.0035 2er  LorseEver-hour (s.0047 per kV; Sect ioc 
6.1.31 
~:a_u:d -r,itroges' = s.26 Fer 1'0 (3.132 per  -4s) with a u t i l i zzc ion  f ac to r  
of 1.5 
5-1-14 SCALIXS - For tfie F a r m e t r i c  s tud ies  of  ?Phase 11, tuc a l t e rna te  faci l i ty  de- 
s ign  concepts (discassed i n  Section 6.2.7) were selected.  In  estimetlng t h e  faci1it.r 
acquisit ior,  costs  f o r  t h e  gas d y c a i c  f a c i l i t i e s ,  it w a s  found *possible t o  do a de- 
tailed conponexit breakdokin aD,d cost  estimate fa- each of +,he f e c i l i t i e .  , which t o t a l  
z ine,  counting a l l  besel ines  a215 alternates. Instead, a fairly de ta i l ed  cos t  break- 
down w a s  estimated f o r  t h e  th ree  base l ice  f a c i l i t i e s ,  according t o  t h e  guidel ines  
develoFed i n  t h e  o the r  scbsections of 6.2. 
a l t e rna te  f ic i l i t i es  according t o  t h e  guicel ines  developed i n  t h i s  sect ion.  
These cos ts  w e r e  then  scaled up f o r  t h e  
The differences between t h e  basel ine faci l i t ies  and t h e i r  a l te rna te5  l i e  i n  
t w o  physical  fac tors ;  s i z e  xid stzgnat ion pressilre level. 
i n  Mach number o r  stagnation t a p e r a t u r e .  
There are no d i f fe rences  
The two scaling f ac to r s ,  then, are: 
Stngzation Pressure Ratlo = -pD~'rrcbI&r€ = r  0 -1-2 
90 mseC(4Jt 
where C = Test  Section Area 
These f ac to r s ,  evaluated f o r  t h e  a l te rnEte  f a c i l i t i e s  as defined are: 
F a c i l i t y  
6 -1-3 
Cost s ca l ina  f o r  t h e  defined a l t e r n a t e  gasdynamic faci l i t ies  w i l l  be developed 
for t hese  s p e c i i l c  vidues of y aiid X . 
'Linde Div., Union Carbide and A i r  Reduction Co. 'Cabot Corporation 
m c m a w m m u  IU- 
6-24 
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o Fressure Shells with Positive Internal Fressure - Cost est iaates  “or 
st ructural  components have been calculated as a m c t i o n  of comgocent weight, so 
the cost scaling r a t i o  (CSR) i s  equal t o  the r a t i o  of the alternate and baseline 
compoaent *-:ight. 
W n m  CSR = -
Won= ~ i w e  
The weight of a compoaent is proportional t o  the voiume of zaterial, vhich is  a 
function of t h i c k e s s  , length, and dimeter . 
For Cylinder 
where: L i s  a typical  lengcn 
D is a typical diameter 
t is  material thickness 
The thickness r a t i o  i s  fomd by assuming tha t  equal s t ress  levels are desired 
i n  both alternates and baseline f a c i l i t i e s ,  and, csing the Hoop Stzess -Law: 
Then : General Rule 6.1-4 
These values have been used t o  scale all pressure shel ls  which carry positive 
internal pressure. 
o Pressure Shells v i th  Negative Internal Fressure 
In  t h i s  case all structures are  sized for  a maximum pressure d i f fe ren t ia l  of one 
atmosphere, so using the Hoop Stress Law: 
I-] General Rule 6.1-5 
c s c ,  = CSP, = 15.6 
This value has beec used t o  scale all pressure structures which carry negative 
internal pressure. 
Iwct)olvIvILIL N-ff 
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3 Storare  @heres - 
WnLr CSR -
w 8 L  
I n  t h i s  case the  volme o f  t h e  sphere i s  proportional t o  t h e  f a c i l t t y  veight flow, 
since run time is  he ld  constant.  
so : 
Weight of t he  sphere i s  a function of surface area and thickness:  
As f o r  other  v a c u u  s t ruc tures .  
so : ICSR = \ 6 h Z  1 General R u l e  6.1-6 
C S R ~  = 2.5 
CSR2 = 6 - 2 5  
These values were used f o r  sca l ing  t h e  cos t  of t he  vacuum sphere for  GD7. 
o Heaters - Cost estimates f o r  hea te rs  have-been calculated as a function 
of hea te r  power, so t h e  CSR f o r  heaters i s  equal t o  t h e  r a t i o  of %he a l t e rna te  
and basel ine power required. 
Poww nLruh*rv= 
pow- 6ASCLl rJ€ 
Power required i s  proport ionsl  t o  f a c i l i t y  weight flow 
CSR = 
so : 6.1-7 
CSRl = 2 . 5  
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These values were used to scale heater costs for G D 3  and GD2G. 
driver of GD7 was scaled as a pressure vessel. 
The gas piston 
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6.2 GAS DYITAbtIC YESEARCH FACILITIES 
The Gas Dynamic Research F a c i l i t i e s  are provided f o r  aeronautical  research i n  
t h e  areas of aerodynamic and themodynaqic conf imra t ion  developnent , i n l e t s  and 
exhaust nozzles , s t ruc tures  , and operations. As conceived f o r  t h i s  study, t h e  
basel ine f a c i l i t i e s  provide aqroximately 5 times t h e  Reynolds num'cer czDabili tv of 
t he  bes t  ex is t ing  in te rmi t ten t  f a c i l i t i e s  and up t o  10 times the  capabi l i ty  
ex is t ing  cant inuous f a c i l i t i e s  . f major 
The concepts presented are based on spec i f ic  eqcipment p e r f o m z x e  capa:lil- 
i t i es  representat ive of current  technology, but are of an absolute s i z e  exceeding 
present i n s t e l l a t ions .  This should provide f a c i l i t i e s  which a re  able t o  provide a 
near term increase Tn research capabi l i ty .  
Gas ;;Yilanic F a c i l i t i e s  w e r e  basel  on WI analysis  of the  nine Foten t ia l  oDerational 
sys tem.  R e  s i ze  of t he  f z i c i l i t i e s  LU ?nt completely a rb i t r a ry ;  but is  based on 
analysis  of model materials and balances, so as LU ?*scribe a minima s i z e  f a c i l i t y  
t o  achieve a give?, Reynolds nu-nber. 
The performance requircnents of t h e  
6.2.1 
mmber/Mach number simulator. 
engize i - aea rch  f a c i l i t i e s  with aercdynamic n tzz les  f o r  research which required 
aerodynamic flow and pressure-tenperature-velocity duplication. Of necessi ty ,  the 
engine f z c i l i t i e s  had t o  provide f l i g h t  duplicated conditions , an6 repeating t h i s  
CZFability f o r  t h e  gas dynamic f z c i l i t i e s  zppeared redundant. Therefore, t h e  ,qas 
dynamic f a c i l i t i e s  are designed t o  operate at a minimum temperature, j u s t  su f f i c i en t  
t o  avoid air condensation i n  t h e  test sect ion,  am3 at su f f i c i en t  pressure to a t t a i n  
the  desired un i t  Reynolds number i n  t h e  t es t  sect ion.  
CZSIGIl CRITERIA - The r o l e  of t h e  vind tunnel i s  primarily t h a t  of a Reynolds 
For t h a t  reason, it wzs decided t o  supplement t h e  
In  order t o  determine the  Reynolds number/Mach number envelope required by t h e  
po ten t i a l  operational hypersonic a i r c r a f t ,  sn analysis  of t h e  f l i g h t  corr idor  
(Figure 6-15) and t h e  po ten t i a l  operationel a i r c r a f t  (Volume V I )  w?s made, and is  
presented i n  Volume 11. In  order t o  translate t h i s  i n t o  vehicle  Seynolds number, 
t he  s i z i n g  c r i t e r i a  developed i n  Volume I1 i s  used t o  relate the length of t h e  model 
t o  the  square root  of the tes t  sec t iona l  area; t h a t  i s  
fi== L 6.2-1 
These r e s u l t s  a re  presented i n  Figure 6-16 and are compared t o  t h e  capabi l i ty  of 
ex is t ing  f a c i l i t i e s  using t h e  same model-to-tunnel s i z e  c r i t e r i a .  
Examining Figure 6-16, t he  Reynolds number capabi l i ty  represented by one-fifth 
of t h e  maximum full sca l e  Reynolds number i s  about a three-fold increase i n  ex is t ing  
capabi l i ty ,  and a l so  represents  a reasonable increment i n  f a c i l i t y  s i ze  , s t ruc tu ra l  
requirements, and hardware performance. Discussions with Aerophysics Eranch 
personnel, NASA Langley, concerning t h e  predictioi-  of f u l l  sca le  skin f r i c t i o n  drag 
from subscale t e s t s  f o r  low aspect r a t i o ,  highly swept configurations indi2ated 
t h a t  i f  Reynolds number l eve l s  approached one-fifth f u l l  sca le  values,  extrapolat ion 
t o  full scale  could be done with a minimum of e r ror .  If one-fifth the  m a x i m u m  
Reynolds number could be achieved, corresponding t o  a m a x i m u m  dynamic pressure of 
2000 psf (95,700 N/m2) ,  then fo r  a l l  other  areas of t h e  f l i g h t  envelope, greater  
MCIDONNELL AllcIILlcT 
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than one-fifth f u l l  s ca l e  Reynolds nunber i s  a t ta inable ,  minimizing t h e  extrapolat ion 
necessary t o  fw-1 scale values. This i s  especial ly  t r u e  i n  t h e  area of hypersonic 
cruise  at 500 t o  700 psf  (24,000 t o  33,500 N/m*) dynamic pressure,  where Reynolds 
numbers of 60 t o  100% of t h e  full sca le  values can be achieved, minimizing the  r i s k  
of extrapolation e r ro r s  i n  a very c ruc ia l  region. It appears then, t h a t  8 Reynolds 
number capabi l i ty  f o r  t h e  gasdynamic research f a c i l i t i e s  of one-fifth t h e  maximum 
Full sca le  vaiues would provide a reasonable basel ine f a c i l i t y  def in i t ion .  
As s t a t ed  i n i t i a l l y ,  t h e  gas dynamic f a c i l i t i e s  w e r e  t o  be Rey-zolds number/Yach 
number simulators , not f l i g h t  condition dupl icators .  
point ,  by camparing the  conditions required f o r  f l i g h t  dupl icat ion and those nec- 
essary for Reynolds number simulation i n  a minimum sized wind tunnel. 
Figure 6-17 i l l u s t r a t e s  t h i s  
The conditions f o r  t h e  gasdynamic research f a c i l i t i e s  l i s t e d  i n  Figure 6-17 
are based on model s t rength  and b d m c e  load carrying capacity. 
of the  s i z e  of t he  f a c i l i t y  o r  model, and therefore ,  represent t h e  maximum dynamic 
pressure conditions consis tent  with t h e  model s t rength and balance capab i l i t i e s  f o r  
models or' t he  po ten t i a l  opertitional hypersonic a i r c r a f t .  Since t h e  Reynolds number 
per un i t  length i s  then f ixed fo r  each Mach number, t he  tunnel  s i ze  must be l a rge  
enough t o  accommodate a model of su f f i c i en t  s i z e  t o  schieve t h e  desired Reynolds 
number, t h a t  i s ,  t h e  product of t h e  un i t  Reynolds number times model length.  
These are independent 
The process of ident i fying t h e  reservoi r  conditions and wind tunnel s i z e  i s  
The two bas ic  judgements made i n  t h e  se lec t ion  of characterized i n  Figure 6-18. 
the  gas dynamic f a c i l i t i e s  were t h e  degree of Peynolds number simulation as a Sase- 
l i n e  value and the  Mach number range f o r  each f s c i l i t y .  
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DEGREE OF FLIGHT SIMULATION FOR GASDYNAMIC FACILITIES 
.XCB 
30. 
1.67 
1.67 
5.0 
5.0 
8.0 
8.0 
13.0 
13.0 
PRESSURE 
ALTITUDE 
k f t  (kn) 
20(6.1) 
-20(-6.1) 
66(21) 
73.2(22.3) 
86(26.2) 
83(25.3) 
io8(32.8) 
120(36.6) 
7.25(23.81 
92.2(310.0) 
VELOCITY STATIC 
ft/sec PRESSURE 
(m/sec) psia 
1730( 530 6.75( 4.64) 
1530(&68) 29.7(20.4) 
48&0(1&80) .785( .5bO) 
2L80(755) .555(-382) 
7850(2390) .31(.213) 
3660(1120) .34(.234) 
13,000(3960) .U2(.077 
5600(1705) .068( .Oh7 
ISEI?TROPIC 
STATIC STAC;IATIO:I 
TiNPERA'NXE TEXPERAIIIRE 
OK (OK) OR (OK) 
&60( 256) 700(389) 
360( 200) 560(305 1 
390(216) 2300 (1280 
102(56.6) 610(33g) 
boo( 221) Goo (25ao ) 
87(L8. L) 1200(666) 
L15(2301 9700( 5380) 
77(42.8) 2500(1390) 
___-. 
ISEITROPIC 
STAGNATION 
PRESSURE 
psia  ( ~ c m 2 )  , 
35(1T .1) 
lbO(68.5) 
315 (218) 
294(202) 
4000 (2560) 
3210(2210) 
lOO,O00(68,900) 
18,800(12,900) 
FIGURE 6-18 
I GAS DYNAYX FACILITY SYNTHESIS I 
Ibdcl/8rluccsm I 
1 
lJct Dact Diataiaa 
R Simdrtim 
Qilrrir I b w i r a t s  
Autra I Winitim 
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME Ill PART I 
6.2.2 
number simulation does not necessar i ly  determine t h e  s i z e  of t h e  f a c i l i t y .  
Feynolds number based on t h e  model length is: 
MODEL SIZE/REXNOLDS NUMBER CAPABILITY - Determination of t h e  l eve l  of Reynolds 
The 
6 202 1.78 x 10 qm (1 + c) L 
T m  Mw ReL = 6.2-2 
where: qw = t e s t  sec t ion  dynanic pressure ( p s f )  
L = roodel length (ft) 
Fw = t e s t  sec t ion  s t a t i c  temperature (OR) 
Y i  = tes t  sec t ion  Nach number. 
The t e s t  sect ion Mach number and desired Reynolds number a r e  known from the  
The a i r c r a f t  s i z e  and f l i g h t  envelope (reference t h e  ?-evelopmen;. i n  Volume 11). 
dynamic pressure required may appear t o  be f r ee ly  var iab le  over a wide range, how- 
ever,  it i s  not.  A s  w i l l  be developed i n  t h i s  sect ion,  t h e  s t rength of wind tunnel 
models and the  load carrying capacity of force and moment balances provides an 
upper l i m i t  t o  the magnitude of t h e  dynamic pressure a given configuration can sus ta in ,  
independent of i+,s s ize .  
tes t  sect ion s t a t i c  pressure is  then known. For t h i s  combination of Mach number 
and t e s t  sect ion s t a t i c  pressure,  there  i s  a minimum temperature which describes 
t h e  onset of condensatior, of t h e  gaseous const i tuents  of a i r .  Therefore, throuqh 
i sen t ropic  expansion re la t ionships  , t h e  minimum stagnafvion temperature and maximum 
stagnation pressure are defined. 
Therefore, s ince a l l  
t h e  other parameters i n  t h i s  equation a re  based on non-dimensional cha rac t e r i s t i c s  
of t h e  wind tunnel model, i t s  absolute length must be su f f i c i en t  t o  achieve the  
desired Reynolds number, based on t h e  maximum load carrying capabi l i ty  of t he  model 
s t ruc tu re  and the  force and moment balance. A gasdyi:amic f a c i l i t y  based on t h i s  
de f in i t i cn  i s  therefore  t h e  minimum sized f a c i l i t y  which achieves a given Reynolds 
number without f a i l i n g  e i the r  t h e  model o r  balance. 
Given t h i s  value, and knowing t h e  nozzle Hach number, t h e  
The only remaining v w i a b l e  i s  the  length of t he  model. 
A complete der ivat ion of t h e  s t rength l i m i t s  fo r  wind tunnel models i s  given 
i n  Volume I1 and is  summarized here. 
The m a x i m u m  dynamic pressure based on the  spanwise wing bending s t rength,  
w i t h  80% of  the  wing cross  sect ion area load carrying is:  
t (-) = wing root ,  thickness t o  chord . ra t io  
AR = wing aspect r a t i o  
C,/CR = wing, t i p  t o  roo t ,  chord r a t i o  
q, = t es t  sect ion dynamic pressure (ps f )  
u = wing mater ia l  working s t r e s s  l e v e l  ( p s i )  
CL = m a x i m u m  lift coefficisnk encountered i n  conduct of wind tunnel  tests. 
C 
MCCIONNHU AlRCRAFT 
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Inspection of equation 6.2-3 reveals  t h a t  t h e  absolute size of t h e  wind tunnel 
model does not a f fec t  i t s  load carrying capabi l i ty ;  t h e  wing s t rength  i s  i n  terms of 
a non-dimensional grouping of geometric parameters. 
The max imum dynamic pressure based on t h e  chordrise Lending s t rength of a d e l t a  
wing, with a fuselage balance cavi ty  i s :  
(applicable t o  all-body and blented body configurations where (h/L) i s  approximately 
equal t o  t h e  ( t / c )  of t h e  wing a t  t h e  fuselage center l ine)  
h = fuselage height at  center l ine  
L = length of wing, or fuselage 
b = wing span 
AR = wing aspect r a t i o .  
I n  order t o  determine t h e  maximum dynamic pressure t h a t  a given configuratiun can 
sus ta in ,  t he  working s t r e s s  l eve l s  of t h e  tiing material a r e  necessary. 
study, they are: 
For t h i s  
Conventional Alloy Stee ls  
~ C O  17-4PH, 15-5PH 
Vascomax 300CVM 
1-975-1980 Steels  
25,000 t o  35,000 p s i  (17,000 t o  24,000 N/cm2) 
55,000 p s i  (38,000 N/cm2) 
83,000 p s i  (57,000 N/cm2) 
125,000 p s i  (85,000 1S/cm2) 
These represent l evc l s  which have safe ty  fac tors  r e f l ec t ing  requirements con- 
s i s t e n t  with general wind tunnel prac t ice ,  and fa t igue  l i m i t s  f o r  a long l i f e  model. 
The balances used t o  measure the  model forces  and moments a r e  a l so  subject t o  
s t rength  l imi ta t ions .  
wind tunnel  reports  and the  Task Corporation, foi  multi-component balances. 
The da ta  presented i n  Volume I1 was obtained from various 
These balances a re  'yp ica l  of those used i n  intermit tent  blow down, and con- 
tinuous wind t m e l s .  
fea ture  of these  classes  of wind tunnels ,  as the  run t i m e  i s  far grea te r  than t h e  
period charac te r i s t ics  of t h e  balance na tura l  frequency. 
f o r  impulse tunnels with run times on t h e  order of  one second and shorter .  
achieve a balance/sting combination wnose first bending mode per icd i s  l e s s  than 
one ten th  t h e  run time, some of t he  maximum load carrying capabi l i ty  must be sac- 
r i f i c e d  t o  minimize elongation and increase s t i f fnes s .  
carrying capabi l i ty  of t he  balances w i l l  be somewhat l e s s  than  those for  GD1 an2 
GD20, i n  order t o  maintain high enough natural frequencies i n  the  bending modes. 
The nc tu ra l  frequency of t he  balance i s  not a dominating 
This i s  not t r u e  hovever 
To 
FGr GD7 then ,  t h e  1.oa5 
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The maximum dynamic presscre based on balance load ca-rying capabi l i ty  i s :  
6.2-5 
h = fuselage height i n  the  area of the  3al.ance cevity 
b = wing span 
AR = wing aspect r a t i o  
C 1  = balance t o t a l  normal force capabf1it:r per  diameter squared. 
From data presented i n  Reference 6,  t he  balance cagab i i i t j  -an be sumnarized as: 
C l  
o present balances, mean level. - ~ O G  i b / in2  (345 r:,'c$j 
o present balances , maximum capabi l i ty  890 t o  1000 lb/in' (6 i3  t o  690 !i/cm2) 
o projected capabi l i ty ,  from 
Task Corporation 
2 1600 t o  1780 l b / i n  i1100-1230 N/cm2) 
For the  evaluations used i n  t h i s  repor t ,  900 lb / in2  (620 N/cm2) w a s  ustl as a 
reasonable maximum. McDonnell Ai rcraf t  has operated present balances a t  lozd 
leve ls  over io00 lb / in2  (690 9/cm2) , but useful l i f e  cf +.he balances w s  shortenei ,  
cmpared t J  previous lower capacity balances. 
Equations 6.2-3 , 6.2-4 , and 6.2-5 are griFhica1l.- 2seiIted i n  Figure 6-19. 
The mater ia ls  and balance l imi ta t ions  and the  syx5ols far A i f  ffre-lt ail-crai"'i con- 
f igurat ions p lo t ted  on t h e  graphs f o r  reference a re  given i n  :'igure 6-1ga. 
spanwise wing bending s t rength (Equation 6.2-3) i s  presented i n  Figure 6-19b. 
Ths 
The ctordwise ?wnding s t rength (Equat im 6.2-4) i s  presented i n  Figure 6-19~.  
This equation i e  va l id  f o r  t he  all-Lody configurations and shows on;. micor veri-a- 
-Lions i n  the  allowable dynamic pressure leve l .  
The balance capabi. ty l imi ta t ions  ( E  ;-iation 6.2-5) arc  :;-=*:enkd ill. Figure 
Although thz  range of allowable dynamic pressure i s  about t en  t o  one, it 
The 
6-19d. 
i s  much smaller than the  range f o r  spatiwise bending. The l a rges t  variatioii  occurs 
i n  the  dl-body configuration primarily because of the  var ia t ions i n  (L/b). 
allowable dynamic pressure fo.* the  .;ll-body configulr;tions i s  similar i n  1arg.iitude 
t o  that  f o r  subsonic t ranspor t  conl'igurations. 
These three  c r i t e r i a  a re  evaluated f o r  t h e  configuratians , materials s t rength 
l i m i t s  and balance capab i l i t i e s  l i . ; t ed  i n  Figure 6-19a, as presented i n  Figure 6-ige. 
In  general thz  spanwise bending s t rength limj-ts t he  dynamic ,>r-ssure ler:rel fo r  high 
aspect r a t i o  ti -nsports, although an unfavorable combinatim of a very high s i rength 
s t e e l  (300CVX) iiiodel and a low capabi l i ty  baiance would prevent u t i l i z i n g  the  f u l l  
po ten t ia l  of the  model. 
balance which c lear ly  l i m i t s  t he  allowable dynamic pressure.  This balance determined 
dfnamic pressure l i m i t  is much less than the  allownble l i m i t  Sased cn model s t rength.  
F'WL the  lower aspect r a t i o  a i r c r a f t  however, it i s  the  
These l i m i t s  represent the  maxiraum f o r  each c r i t e r ion .  
l i k e  two piece wing designs, can subs tan t ia l ly  reduce th: spanwise bending dynamic 
pressure l i m i t .  
Many design p r d t i c e s ,  
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FIGURE 64% 
MCDEL STRENGTH AND BALANCE CAPACITY LIYITATIONS 
0 
A 
b 
L 
Ir 
6 
4 
btaial Workirg Sbess Limits 
for Wind T m l  Models 
(nl Stms Level 
Q4.000N cm21 
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FIGURE &19b 
MAXIMUM DYNAMIC PRESSURE LIMITS BASED ON 
MODEL STRENGTH AND BALANCE CAPACITY LIMITATIONS 
(Wing Bending Strengtn in Spanwise Direction) 
FIGURE 6-1% 
MAXIMUM DYNAMIC PRESSURE LIMITS BASED ON YODEL 
STRENGTH AND BALANCE CAPACITY LIMITATIONS 
(Yling Bending Strength, Chordwita Direction) 
Sjdd Airplane 
A All Bodv 
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FIGGRE 6-19d 
MAXIMUM DYNAMIC PRESSURE LIMITS BASED ON MODEL 
STRENGTH AND BALANCE CAPACITY LIMITATIONS 
(Balance Capacity) 
(hh) 
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Tine model dynamic pressure limits can now be expressed i n  terms of the  required 
wind tunnel s i ze  t o  achieve a given RejToLds nm3er level .  
(1+ 202) -
4-T  WT = 1.78 x 10 -3 (n, CL! Tm -- 
-c 1 ..Q T, %J CL. 
( 'liscosity t e r n  5ssL . >L Sv,t.\t.fierland's equation from KASA Report R50, 1958.! 
qm = test  sec t icn  dynamic pressure ( 9 s ~ )  
T, = tes t  sect ion s t a t i c  temperature (OR) 
:.L = test sect ion Mach cumber 
CL = maximum model lift coeff iz tent  
Re = Reynolds number. 
"his can be t rans la ted  i n t o  the s i z e  of t he  wi 
given Reynolds number l eve l ,  assuming 
= f i  
h O D E L  -1.3 
as developed i n  Volume'LI. 
Thus : 
C = wind tunnel t es t  sect ion cress sec t iona l  area ( f t 2 )  
d tunnel neces ry t o  achieve a 
6.2-7 
CL from equations 6.2-3, 6.2-4, o r  6.2-5. 
Tea 
(1 + z-) from air condensztion consideration. (Figure 6-2Ob) 
Tea 
Ei,, 14, f r c m  f l i g k t  ewelope,  vehicle s i ze  
from vehicle configuration, angle of attack. (Figure 6 -2W 244Ax 
Thus, t he  wind tunnel s ize  t o  achieve a given Reynolds nmber i s  uniquely described 
by the  a i r c r a f t  f l i g h t  envelope , s i z e ,  and configuration , and the physical liriita- 
t ions  of tile f a c i l i t y  hardware and materials.  
The dynamic pressure limits given i n  equations 6.2-3, 6.2-4, and 6.2-5 are 
based on stesdy sta+,e running loads at the  maximum lift coeff ic ient .  The s t a r t i n g  
3. Pp Lor blow-down wind tunnels ,  k i t h  the  model i n  the  t es t  sect ion at zero angle 
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- 
I 
---- 100 ~ 
0 
FIGURE 6-2Oa 
MAXIMUM LIFT COEFFICIENTS FOR HIGHLY SWEPT, LOW ASPECT RATlO 
WINGS AS A FUNCTION OF MACH NUMBER 
- 250 
--200 
-150 
--loo 
50 - 
0 
Iach Nmbu 
FIGURE 6-20b 
TATIC TEMPERATURE FUNCTION FROM REYNOLDS NUMBER EQUATION vs MACH NUMBER 
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- 3  
.b 
.9 
1.2 
1.3 
1.7 
2.6 
2.7 
I 4  
5 
5 
6 
6 
;J 
9 
10 
10 
11 
1: 
13 
- 
of at tack,  can exceed t h e  m a x i m u m  running loads by severa l  times. 
McDorureU Aircraf t  Company Polysonic Wind Tunnel and t h e  Hypersonic Impulse Tunnel 
t e s t i n g  experience, the s t a r t i n g  Loads fo r  GC20 and GD7 were estimated, and used i n  
the evaluation of t h e  maximum dynamic pressures allowable. 
from the  test  sec t ion  during t h e  s t s r t i n g  process, then in jec ted  i x t o  t h e  test 
sect ion,  t he  i n i t i a l  loads seldom exceed t h e  maximum running loads. However, 
current blowdown wind tunnels of t h e  type represented by GD20 do not use model 
in jec t ion  schemes , which f o r  t h e  loads involved would requi re  considerable develop- 
ment. The maximum value of t he  product of Qm C L ~  , considering al2owances f o r  
tunnel  s t a r t i n g  loa<s,  i s  shown as a funct ian of Mach number f o r  t h e  chosen test 
Reynolds number of 1/5 of t h e  f l J & t  full sca l e  vslues i n  Figure 6-21. 
Based on the  
For t h e  model removed 
-21 . .1 
-33 
-41 
.'Y 
-52 
. j d  
.LO 
.29 
2 5  
-23 . a0 
.I6 
.I> 
.13 
.11 
.10 
.e73 
-066 
.060 
.057 
In  Phase I t h e  f a c i l i t i e s  were not s u f f i c i e n t l y  defined t o  adequately deternine 
the exact tenpera ture ' l imi t s  so t h a t  a constent temperature was  used f o r  t h e  t es t  
sect ion temperature. Although t h i s  was not r e a l i s t i c  over t h e  e n t i r e  Mach number 
range, it did  proviae a 1-easonable l i m i t  on which t o  base t h e  t es t  sec t ion  s ize .  
When other  c r i t e r i a  concerning t h e  s i z e  of t h e  model and tes t  sec t ion  were evaluated, 
t he  x i g i a a l  estimate of wind tunnel  s i z e  w a s  s t i l l  val id .  
-73 
-75 
.76 
.82 
-81 
.7l 
.c2 
.Ol 
-50 
In addi t ion t o  t h e  Zeynolds number requirement, t he re  are model s i z e  limita- 
t i ons  based on model de t a i l .  YX following ground rules w e r e  es tabl ished:  
1 .a 
1 .O 
-63 
c desired minimum model s ca l e  i s  2% 
o desired minhum duct diameter f o r  turbomachinery ecgine auct i s  2 inches 
(5.08 cm) &iameter 
o desired minimum cowl height for scramjet ecgines i s  1 inch (2.54 cm). 
FIGURE 6-21 
MAXIMUM VALUE OF q, C L G A S  A FUNCTION 0 
MACH NUMBER CONSIDERING STARTING LOADS 
1.0 
.70 1 
(FRc!-l ECUA. 9, C L F  
6-2-51 c1 I psf - ft 
10 .LOO 
30,000 
39 .LOO 
67.9C3 
07.23; 
el, 300 
LL ,000 
:g ,803 
26.800 
550 L8.300 
50.500 
L 5 , O O O  
L-5 ,000 
L2.800 
47,000 
34,300 
3L.300 
35,300 
35,300 
902 41,900 
36.200 
900 35 .LOO 
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The turbomachinery duct s i z e  was considere& a minimum t o  achieve t h e  proper 
number of steady s t a t e  an- time var iant  pressure measurements t o  describe the  
compressor o r  combustor recovery pressure d is t r ibu t ion .  Preferably,  t h e  duct 
diameter should be l a rge r  i n  diameter f o r  bes t  time var iant  aeasurements bu t  t h i s  
was considered an acceptable minimum. For these c , - i tsr ia ,  and t h e  po ten t i a l  oper- 
a t iona l  a i r c r a f t  described i n  Vol.ae V I ,  t h e  r q u i r e d  model s ca l e  and tes t  sec t ion  
s i z e  i s  given i n  Figure 6-22a. 
f a c i l i t i e s  are presented. 
d e t a i l s  of a r r iv ing  at these sca l e  fac tors  arc given i n  the accompanying Figure 
6-22b. 
area t o  t h e  cowl are2 is  5.65. 
For reference,  th ree  of t h e  f l i g h t  research 
The engine designations can be found i n  Volume V. The 
For t h e  scramjet engines, t h e  r a t i o  i.:' t he  geoseetric f r e e  streani capture 
The minimum t e s t  sec t ion  s i z e  required t o  acbiere cilr:-.fifth of t h e  m a x i m u m  
ReynoMs number required by the  po ten t i z l  operationxl :q... - trson5c a i r c r a f t  i s  pre- 
sented i n  Figure 6-23, as a function of Mach num'oer, 
p r e s s w e / l < f t  coef f ic ien t  product are ;iven, representing a nominal r a g e  of all- 
body type configurations (taken from Figure 6-1913;. 
indicated from. t h e  model/balance s t rength  analysis  generally are of t h e  same mag- 
nitucle as those indicated from the engise duct s i z e  analysis  (Figure 6-22). 
though the  Phase I analysis  was less de ta i led ,  t h e  results were consis tent  with 
these results. 
t he  same as t h a t  se lec ted  i n  Volume 11. That is: 
YLree v s h e s  of t h e  dynamic 
The minimum vind tunnel  s izes  
Al-  
The t e s t  sec t ion  s i zes  fo r  the gasdynamic f a c i l i t i e s  w i l l  remain 
G D 3  = 16 f t  (4.9 m) 0 < 1.1- < 5 
GD15 
GD7 
For comparison the minimum tes t  sec t ion  s i z e  required t o  zchieve one-fifth full 
sca le  Reynolds numbzrs based on length f o r  subsanic t ranspor t s  i s  shown i n  Figure 
6-23. 
i n  Reference 17 as necessary f o r  wind tunnels ,  when considering very l a rge  trans- 
ports .  
This represents about twice t h e  magnitude of t he  Reynolds number s t a t e d  
The c r i t e r i a  s t a t e d  i 2  Reference 17 f o r  subsonic t ranspor t s  is: 
6 Re- - ' 10 x 10  
C 
As showr. i n  Figure 6-23, the  requirements for  subsonic t ranspor t s  are of t h e  same 
magnitude as fo r  t he  poterktial operat ional  hypersonic a i r c r a f t .  
The L. amic pressure / l i f t  coef f ic ien t  products used i n  Figure 6-23 t o  determine 
t t e  minimum s ized  tes t  sec t ion  f o r  t h e  po ten t i a l  operat ional  hypersonic a i r c r a f t ,  
and fo r  t he  subsonic t ranspor t s  (3500 psf  - 16.5 N/cm2) general ly  excecd current  
pract ice  i n  wind tunnel  t e s t i n g ,  although consis tent  with t h e  s t rength  analyses. 
Some technique developnent w i l l  probably be required t o  a t t a i n  t h e  max imum values 
determined from the  s t rength  analysis  i n  ac tua l  operations f o r  t h i s  reason. 
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0.3 to 6 
0.3 to 3.5 
3.5 to 12 
FIGURE 6-22a 
MOUEL SIZING CRITERIA 
0 12 (3.6) 3.3 
2.5 x @ 6.1 (1.8) 2 
I 
@ 16 (4.9) 4.2 
Dud Dia 
0.3 to !? 
3.0 to 12 
0.3 to 6 
Cowl Height 
Rodret 5.5 (1.7) 2 
@ 12.5 (3.8) 5.7 
@ 14 (4.3) 3.3 
Minimum Model Inlet M i n i m  bbdel lnld Sin Foc 
0.3 to 3.5 
3.5 to 1iJ 
0.3 to 4.5 
8 to 12 
8 to 12 
Duct Size For 
Tllrboj&s/Tubocanjds/Rrajcts 
0 Minimup Scale Factor 2% 
l a x  @ 8.5 (3.5) 2.7 
@ 13.7 (4.2) 5.1 
@ 4.0 (1.2) 3.3 
@ 11 (3.3) 5.7 
(3 10 (3.0) 7.9 
L1 
0.3 to 7 
0.3 to 7 
L2 
~ ~ ~ 
RJ-207 5.6 (1.7) 6.3 
RJ-212 4.4 (1.3) 5 .O 
u 
3.5 to 12 
c1 
0 11.0 (3.3) 7.0 
c 2  
M1 
H2 
y3 
F l i l l  
R-ch 
Facility 
-207A 
-2570 
h  
Volume v 
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Duct 
Diameter 
In (m) 
FIGURE 6-ZZb HODEL SIZING CRITERIA, ENGINE SIZE 
For Engine Specific Performance, See Volume V 
,% Scale f o r  
2 Inch (5.08 cm) 
Model Duct Size 
Engine 
As Given 
Figure 2-13, 
Volume V 
m o o j e t -  (1) 
Turbo j e t  (2) 
Turboramjet (3) 
Turboramjet (4) 
Turbofan (5) 
Acceleration 
Zonvertible 
Scramjet 
Acceleration 
Zonvert ib le  
jcramjet (6) 
Acceleration 
Scramj et (8 ) 
Zruise Scramjet 
(9) and (10) 
R a m  j e t  Engine. 
from F l i &  
Res ear ch 
Vehicle - 207A 
-212A 
Ramjet Engine 
( 7 )  
Free Stream 
Ca ture Area 
f t  3 (m2) 
80 (8.3) 
480 (43.5) 
270 (25.0 
140 (13.0) 
16 1.5) 
21 (1.9j 
15 (1.4) 
Number 
Modules 
of 
3 
7 
5 
4 
1 
1 
1 
2.5% 
4.3% 
2.8% 
3.3% 
2.1% 
Module Size 
at Cowl 
ft (m)  
1.25 x 3.76 
(.382 x 1.15) 
1.54 x 3.96 
(.60 x 1.23) 
1.15 x 4.14 
(.94 x 1.21) 
.829 x 3.72 
(.506 x 1.13) 
1.33 x 6.9 
(.41 x 2.1) 
1.66 x 7.2 
1.5 x 5 
(.46 x 1.65) 
E Scale for  
1 Inch (2.54 cm) 
Model Cowl Height 
6.75 
5 04 
7.2 
10.0 
6.3 
5 -0 
5.5 
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OO 
FIGURE 6-23 
GAS DYNAMIC FACILITY SIZE REQUIREMENTS BASED ON MODEUBALANCE STRENGTH 
The shaded area represents the test seetion size rquired to obtain a Reynolds number 
from 20 to 30 million based on mean aerodynamic chord fa a subsonic transport. 
- ' 2  4 6 8 i0 12 14 
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& I I I \  F a  1/5 Full Scale Reynolds Number Duplication 
I \  
m 
HCDONNRLL AIRGRACI 
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6.2.3 TEMPERATURE CONTROL R E Q U I R E P Y T  - In  t h e  operation of a continuous or 
intermit tent  wind tunnel ,  tine pressure snd temperature must be mdntained witnin 
ce r t a in  limits i f  the  Reynolds nunber i s  t o  be maintained r e l a t i v e l y  constant i n  
the  t e s t  sect ion.  
a t e s  the  t o t a l  drag, and a 10% Reynolds number va l i a t ion  cnuld mean up t o  a 5% 
var ia t ion  i n  the  drag ( f o r  those port ians  of t he  models i n  laminar flow). An31 
variat ions grea te r  than t h i s  would mean each drag pois t  would have t o  be corrected,  
t o  r e f l e c t  i t s  value at  the  nominal Reynolds number. 
maximum value of 10% t o t a l  var ia t ion  i n  t h e  Reynolds n u b e r  during a run. 
cont ro l  uncertaint ies  associated with the  Mach number control  (nozzle contour 
pos i t ion  accuracy) and the  pressure control  are considered r e l a t ive ly  constant,  
then t h a t  port ion of t h e  t o t a l  e r r o r  a t t r i bu ted  t o  temperature control  is about 7%. 
For s lender  hypersoni.2 :onfigurations t h e  skin f r i c t i o n  domin- 
It vas decided t o  place a 
If the 
The expression f o r  Reynolds number is: 
!Then pressure and Mach number are held constant,  t he  temperature r a t i o  i n  terms 
of an allowable Reynolds nmber  r a t i o  is:  
6.2-7 
Subst i tut ion of a su i tab le  v iscos i ty  l a w  allows solut ion of equation 6.2-7 f o r  t h e  
temperature r a t i o  which w i l l  produce a cer ta in  Reynolds number r a t io .  
v i scos i ty  ;aw is the  power l a w ,  
One such 
* 76 
Jsing t h i s  re la t ionship ,  equation 6.2-7 becomes 
-. 79 
6.2-8 
L more accurate v iscos i ty  re la t ionship  i s  Sutherland's equation, 
X a . g  Sutherland's law for  Viscosi,y, equation 4.2-7 becomes 
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- :. 23 
+ - 24 
- + 25 
- + 38 
+, 55 
- + 73 
- + 98 
Solution of e i t h e r  equa5ion 6.2-8 o r  6.2-5 f o r  a desired. rr.axiinum Reynolds 
nuuber change during a f a c i l i t y  run cf 7% gives the  allowable temberature change 
during a run. 
w i t h  Mach nunber ttnd i s  + 5.2%. 
the  var iables  i n  equation 6.2-9, assumed values o f  i n i t i a l  stagnation temperature 
m u s t  be used and the  i n i t i a l  s t a t i c  temperature then cr lculated.  
and r e s u l t s  are  skovn below. 
By equation 6.2-8, the per  cegt tmpera tu re  chmge i s  constant 
Since the  i n l t i a 3  s t a t i c  temperature i s  one of 
Assumed values 
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5 2.L ----- ?:E'l'!W?IC LOSSZS - I n  onler t c  est?blish conpressor press-ce reqUireEtentS 
en3 the 2: -.e cf scpFly p i p s  for the flow f a c i l i t i e s ,  estimates of zystez gressure 
drops verc reqCreZ.  
o S t T L L ~ ~ @ - ~ = k e r  -  Fr ssure 3rcr - -h idedTzei? georetric concegt w s s  choser. 
t o  regz-:-sent tke s + E L h q  & d e r  Cesign f o r  a?l the C o w  facrLities,  a?d the  
pressure C m y  cbaxactcrislics of this conc-;G:t yere calcrrlatd es a funrtlm of 
gipe--tc;-stiZing chaniber a e ~  ratio azd i n l e t  &h number. 
gemetzy i s  skoi.11 ir- F-1W-e &2T Lid the resuits of the celculetioas are shown 
ir. Figire 6-26. Figure 5-23 aefises &&E. geom;ry m d  stations usee k ~ L I  the 
a n w s e s  of t:?e air supre system discussed i n  Section 6.2. 
A sketch of +,he z s s u e e  
!Ee z?\:hd of c-iiculating %e presstre drcps of ea& coxgorent vs based 62 
the loss coefr'icier;i; or X-factor, skerel'r the ?rezsc--e 3rag thro'agh a flov _csssGe 
is exyessed es a f-xction of the ectering d y n b c  pressure, such as: 
Flaw Disperser: A i 2 O o  ix luded  =!e, 405 F Q - ~ ~ X S  cone. (Porosity e o s a  t o  keep 
t L e  Mach :::7cber thou& tfie 5oles < - 3 )  IC = 3.0 
Tvo krbulence Scree2s: Porosity = .S, K = 2.6 (each) 
Heater or Eoneyccrcb: K = 1.0 
(K vaiuzs obtained fro3 C r a e  Technical Bulletin 30. 419 and dct& grovi&eb by 
J. A. GUM, E. M. K r a f t ,  an2 hi. W. Foole of AiG, Tnc.). 
Prassure drog calculations for each of t h e  flou facilli;y st i l l i :?g chunberr; 
vere perfcrmed using the data from Figure 6-26, for  the specific r a t i c  chosen 2'0: 
each fcci l i ty .  
5 8uF2ly Pipe a i c t i o n a l  L c s ~  - The 2ir t t ional  I;"essu-"e drop fron stor%-e 
tan;,s 01. ccqressor  t;c the s t i l l i n g  chanber vas calcuiated by assuming adisoztic 
flow w i t t ;  f r i c t ion  (Fanno f L o w ) .  
(305 a) w c  assruned for a l l  f a c i l i t i e s  to  SCCGUII+. for the actual lecgtll and f o r  the 
various elbws The pipe 
Ciqe ter  was asstlned constant and '-ELF, sizea t o  give an exi t  Mach amber (M2) = 0.7 
at t i e  mcxiaim ?-!PO r"ic7v coaditjon. 
LG equivalent f r ic t iona l  length of 1000 ft 
tee? , etc. , which would he present iri the r e d  2iFeXne. 
k v i L s  deslder; i~por? +;e dimensions of the s t i l l i ? !   cham?^? and supply p ipe ,  
press-are dZ-02 c a l c d a t i o r s  were ?na& for 8 number of +Tcw coaditions which esthb- 
lis3eC! Pie n u n h m  UgstreeiE cc~rditioA 3 required at %e storage ta . .k G: coupreasor 
outlet. IC rlc;ual practic-- thz .ktl iny velves w i l l  bc used when c-xvenlent t o  
sat& the faci l i ty  requirwtnts  w i t h  the csiipressor characteristics. 
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6.2.5 A I R  DISTRIBTJTIOFl SYSTEM - I n  es tab l i sh ing  the  supply p i p  s i zes  f o r  t h e  
blsrdoun facil i t izs GD3 m d  GD20, t h e  procegxre described i n  6.2.4 w a s  followed 
v iL l  t he  exception t h a t  th?  blowdown pipe s i z e  w a s  establishef" assuming choked 
conditions at t h e  naximum w/Po flow condition at  the  pipe exit .  
pipe could be specified which would ca r ry  the  F a c i l i t y  weight flow. 
st i-aints operate i n  a c t u a l i t y  t o  prevent using t h i s  simple one-Fipe system. 
I n  theory,  one 
Three con- 
o Stress  Considerations - The assumption has been m a d e ,  based on informatior, 
from Nooter carp. , St .  Louis (a  s t r u c t u r a l  steel fabricatiofi  fim soec ia l iz ing  
i n  l a rge  r o l l e d  and seam velded cj-l inders,  tanks , e tc .  ) t h a t  t he  fabr ica t ion  l i m i t  
of cold r o l l e d  1020 type s teel  i s  about 4 inches (10.1 cmj thick.  
used io conjwct ion  with t h e  AS32 f o n u l a  f o r  uiflred pressure vessels ,  
?his l imi t a t ion ,  
pr  t =  
UE - 0 . 6 ~  
vhere: t = material thickness i n  inches 
p = i c t e r n a l  pressure i n  p s i  
ts = a l l m a b l e  stress i n  p s i  (17,500 p s i )  (12,100 :i/cm') 
r = inte,-nal r&us 
E =  efficiency. 
3 t he  s!mpler hoop siiresc equaticn, 
J 
6.2-11 
6.2-12 
r e s u l t s  i n  a basic  l imi t a t ion  i n  s t ruc tu re  diameter as a function of i n t e r n d  
pressure. "his l imi t a t ion  is  shown graphical ly  i n  Figure c-27, anc! q P i i e s  t o  a l l  
pipe systems. 
tanks o r  s t i l l i n g  chambers, w i l i  be  biiiit using high s t rength  steels cr lamination 
techniques, and w i l l  not adhere t o  t h i s  l imi ta t ion .  The square syrcbols on t h i s  
figure show t h a t  choosing a s ing le  supply pipe f o r  t h e  VsselSne and both a l t e r n a t e  
hypersonic l e g s  of GD20 and f o r  a l t e r n a t e  2 of GD3 would r e s u l t  i n  higher than 
permissible stresses. The round symbols show t h e  result of choosing mult iple  Dipes 
Ten pipes are used f o r  each case except a l t e rna te  2 of t he  Q20 hypersonic l eg ,  
vhich uses 32 pipes. 
Certain spec ia l  s t r u c t - z e s ,  siicb RS vsry high pressure air stor-qe 
o Valve Design - The i so l a t ion  valves on t h e  upstream end of t h e  supply l i n e  
and the  t h r o t t l i n g  valves on t h e  downstream end must not only withstand the  maximum 
tank storage pressure,  but must seal t i g h t l y  ageinst  it. The working pressure and 
diameter of t h e  s ing le  pipe arrangements a r e  so far beyond t h e  state-of-the-art 
tha t  no va;qe manufacturer was w i l l i n g  t o  discuss  t h e i r  design o r  manufacture. 
GD3, a l t e r n a t e  2, needs 500 p s i  (345 P/cm2) working pressure and a 31 f t  (9.5 m) 
aiameter valve. Ever t h e  expedient of goirg t o  10 pipes produces very s t r ingent  
t't. ire rcqu.irenents, an6 higher nurnkers or' pipes m a y  be needed, i f  valves within 
current  prod ected capabi l i ty  are considered. 
V p l f e s  vere sized fo r  the  maximum mass flow case,  with the  cont ro l  valve 
assumed t c  be f u l l y  open. 
chokei, and t he  pressuTe drop negl igible  (near ly  true f o r  a b a l l  o r  sleeve vpe 
valve). 
clatuve ). 
Under these  conditions,  t h e  valve flow w a s  assumed. t o  be 
The required v d v e  a rea  i s  then (reference Figure 6-25 f o r  s t a t i o n  nomen- 
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FIGURE 6-27 
PIPE MAXIMUM PRESSURE AS A FUNCTION OF DIAMETER, 
ASSUEING MAXIMUM WALL THICKNESS OF 4 INCHES (10 cm) 
I I I I  I I I 1 1  I 
0.4 1 10 20 
Lttn 
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(ft2) 6-2-13 
Y 
T2 
PZ 
Z = compressibility fac tor  
+ = number of valves. 
= maxima mass flow (lbm/sec) 
= supply temperature, upstream of heater  a t  GnaX caidi t ions (OR) 
= supply pressure,  upstream of flow d iver te r  at Gmu conditions (ps ia )  
max 
o Flov Control.Rangeabilit-y - E e  blowdown test f a c i l i t i e s  have minimum 
weight flows less than one tenth the m i m u m  m a s s  flow rat-e. A s ingle  large valve 
If t h ro t t l i ng  t o  very s m a l l  flms i s  subject t o  control system hunting", severe flow 
srm.ratioCs with attendant noise and flow qual i ty  p r o b l e x ,  and accelerated w e a r  
on -?alve t r i m .  Provision of a number of smaller valves a l l ev ia t e s  dL1 these 
pzoblems, since i n  the case of t ho  minimrun flow rate,  8 clr 9 valves can be con- 
a l e t e l y  closed and one o r  two valves can be operatlng nez.rly open, i n  t h e i r  most 
effective control  range. For a p rac t i ca l  limit t o  maintain flow qual i ty  and mini- 
mize turbulencc l eve l  i n  ti-? test sect ion,  a mass flow range f o r  a s ingle  valve of 
e ight  t o  one SI Juld be considered a maximum. 
Any one of the  previous three c r i t e r i a  l i s t e d  c;3: neccssi ta te  a multiple valve/ 
piping system. It i s  not necessay  t o  es tab l i sh  exactly haw many =e reqLired fo r  
the  Phase Ii r n c y s i s  , but only t h a t  they w i l l  be required and the  governing ?actors 
have been idec t i f izd .  
f i c  requirements, a more def in i t ive  l i m i t  can probablj  be obtained froa tine valve 
manufactwers. Consideiing the magnitude of the  size and performance increment of 
the study faci l i t ies ,  the  valve cer ta in ly  should not be a high r i s k  iten i n  a t ta in-  
ing the cve ra l l  perfolmance, an?- therefore,  w i l l  be based on present o r  l imited 
projections of current +.ethnology, requir ing minimum development. 
factors  associated with mlve rzugeabi l i ty  ard control  can be found i n  References (1) 
tnrow? (4).  
With fewer f a c i l i t i e s  t o  study i n  Phase 111, and more speci- 
A review of t h e  
k i l t i p l e  v d v e s  and supply pipes require the  recombining of several  individual 
f lovs i n t o  the sing12 f lar  stream entering t h e  f a c i l i t y  flow generating nozzle. 
Tne mixing of several ,  sometimes asymmetrical i n l e t  flows, i n t o  a s ingle  uniform 
stream i s  not w i t h u t  problzms and l o c d i z e d  flow n o n u n i f c d t i e s  can eas i ly  be 
present over some portions of the  en t i r e  operatlonal envelope. 
ment progren suck as conducted by the  Arnold Engineering Cevelopment Center (AEDC) 
f o r  the  A€TU f a c i l i t y  t o  iieterxLne mixer techniques and geometry can minimize t ' ~  
problems encountered i n  bringing a major f a c i l i t y  t o  f u l l  operational capabi l i ty .  
For a l l  -e <'le gasdynamic f a c i l i t i e s ,  it should be assumed t h a t  a subscale mixer 
d e .  : 
A subscale develop- 
WP-*L:* vould be desirable  t o  confirm sa t i s fac tory  _uerformance over 
tJic .. cf f a c i l i t y  Eass flows. 
* I  . . '+ -.!.'2*J3EMENTS - These requirements are most per t inent  t o  the  blov- _ .  - I _  
,.-. ..- *rate completely on 2 hored a i r  ; but the  pr inciples  apply .' i :'*-.. .a 1 ~ 1  general. There are  theo re t i ca lp j  almost i n f i n i t e  combina- 
r . c  - . . ;    - . . ~  . ; .we i and pressures t h a t  are possible , however, i n  prac t ice  - .  
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p r a c t i c a l  limits can be  imposed on t h e  de f in i t i on  t o  r e s t r i c t  the number of possible 
combinations. The reason t h a t  air storage requirement-: need more a t t en t ion  i s  t h a t  
' i n  the  process of supplying air t o  t h e  f a c i l i t y ,  .',i;e p i -xsu re  as w e l l  as t h e  temp- 
erature of t he  supply gas fa l l  as mass is  removed f r o 3  t h e  f ixed  volume storage.  
The minimum useble supply pressure is r e l a t ed  t o  the  pr?ssure r a t i o  across t h e  
nozz le /d i f f i se r  system required t o  maintain flow. 
temperature is rela',ad t o  the  allowable var ia t ion  of  Reynolds number i n  t h e  t es t  
s e c t i m .  The maxirc-m i n i t i a l  pressure i n  the  storage tanks is a function of  t he  
v o l u z  of  the  storage system, and the t o t a l  mass removed f ra  t?e t&s during a 
i'un. These in t e r r e l a t ed  e f f e c t s  can be evsluated i f  t h e  mass removed from the 
tanks,  the minimum pressure required t o  za in t a in  fiow i n  t he  t e s t  sec t ion ,  and t n e  
pemissible temperature drop i n  t h e  tank temporatwe are specif ied.  The first two 
fac tors  are a function of the Mach number/Reyn3lds nuaber point  desirzd f o r  d 
given s i z e  f a c i l i t y .  
var ia t ion  t h a t  occurs during the  run (ac: defined i n  6.2.3). 
storage system is then not simply t o  s t o r e  air, and i t s  spec i f i ca t io r  i s  not 
a rb i t ra ry .  
The aliownble change i n  supply 
The t h i r d  is a function of t he  permissible Reynol$s r,:ziiber 
The purpose of t h e  air  
The s torage requirements w e r e  evaluated f o r  the m a x i m  mass flow case,  with 
the  control  valve fully open at  t h e  end of t h e  specif ied rur., and t h e  tank pressure 
at t h a t  point equal t o  t h e  desired i e se rvo i r  pressure ?ius t he  l i n e  lgsses as 
given i n  Figure 6-26. 
The m a s s  flaw through the wind tunnel nozzle t h r o a t  is: 
G = 76.9 - A* (lbm/sec) 6 2-14 
PO = reservoi r  prepsure (ps i a )  
To = reservoi r  t aqe re , tu re  (%) 
A* = t h roa t  area { f t z )  
The mass of gas s tored  i n  t h e  tank is 
'T w = 2.7 - 
TT 
PT = tank prrs-.  9 *e ( p s i a )  
Q = tank tenr, ;ature (OR! 
v = tank volume ( t t 3 )  
6.2-15 
The m a s s  of gas i n  tb- tank i n  terms of t he  i n f t i c l  cond:.tions and thase  at 
sane l a t e r  time are: 
n-1 1 L  
n-1 n rl 
(PT) V w = 2.7 (B) (TT) V = 2.7 (B) 
PT: 
6.2-16 
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Terms are as described for  Eqcstim 6.2-15 v i t h  the addition: 
n = polytropic  constar;% describing t k  f r l c t i o n l e s s ,  nan-adiabatic expansion 
o f t h e  gas i n  the t d c ,  Y h z e  
(fro-, tank w a s  1. 
n < y f o r  an expansion with hea t  added 
i = conditions corresponding t o  i n i t i a l  conditions p r i o r  t o  a blowdown. 
The m a s s  flcw from t h e  tanks is then described from d i f f e ren t i a t ing  Equa- 
t i o n  6.2-16 with respect t o  time, by: 
Since t h e  m a s s  flw n ~ t  sf t he  tank equals t h e  mass flow through t.he nozzle, then: 
6.2-18 
Three possible  solut ions were s tudied which depended on t h e  physical &-range- 
ment of t he  f a c i l i t y  elements given i n  Figure 6-25. These three cases were as 
follows : - 
C a s e  I, Constant Nozzle Mass Flow - A heater  is providnd i n  t h e  reservoi r  so 
It is  = s u e d  t h a t  valve con- t h a t  To i s  a constant f o r  the  durat ion of t h e  run. 
t r o l  i s  maintained so inat PO is constant. That is: 
> Po + Losses 'TfineJ 
The tank volume spec i f ied  by i r i i s ~ r a t ~ g  Qua t ion  6.2-18 for  t h e  Pollowirg 
conditions 
T, = Constant # f ( T T )  
P, = Constant # f(PT) 
is  : 
6.2-19 
The parameters are t h e  same as descrS.'?d f o r  Equations 6.2-14 and 6.2-1.5, with the  
addition 
= faci2it.y run t i m e  (sec)  
= permissible tank temperature drop (OR) 
trun 
AT 
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Pf/Pi .4 1 . 5  .6 
n 1.170 1.130 1.100 
A T / T T ~  .1246 .0766 .0454 
_ _  using the re la t ionship  : 
n-1  
-7 .8 -9 
1.072 1.048 1.022 
0237 .a05 .0023 
the denominator of Eouation 6.1-10 cau be expressed as: 
1 1 - 
Pf ;; = 14-1 AT n-1 wi P i  1- ( l--) 
6-2-20 
6.2-21 
C a s e  11, Variable Nozzle Mass Flow - Yo heater i s  provided i n  the reservoi r  
or  tank 70 th&t  To i s  a function of  m. 
so PO is c m s t a n t ,  that  i s :  
It i s  assumed valve control  is  maintained 
prf > Po + bsses 
The tank volume spec i f ied  by in t eg ra t ing  EGuation 6.2-18 f o r  t h e  fo l lowkg  
condi t ims  : 
T,, a TT 
p0 = Constant # f(PT) 
is : 
5 i 2-22 
Thia :rntiona?.c assumes t h a t  the redentoii  temperature (To) i s  essenkial ly  
equal t c r  the  srorage tank temperature (TT) e-.cept f o r  minor thermal changes 
caused F,y'flc,wing through the piping t o  the  reservoi r .  Thus: 
To = kTT 
where k is  a correct ion constant for therm-3 heat  additions o r  loss. 
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The parameters we t h e  s m e  as far Equation 6.2-19. The denominator of 
Equation 6.2-22 can be expressed as : 
For t h i s  case, t h e  value of n i s  the same as f o r  Case I. 
Case 111, Variable Nozzle Mass Flow '- A thermal matrix i s  provided i n  t h e  
storage tank t o  make t h e  expansion process more isothermal, To i s  a function of 
TT. It i s  assumed valve control  i s  mafntained so thEt Po i s  constant,  t h a t  is: 
P T ~  > PO + Losses 
The tank volume specif ied by irkegrbting Equation 6.1-9 fo r  the  following conditions: 
p0 = Constant # pr 
is  t h e  same as f o r  Case 11. Hovever, because of the  thermal matrix,n is 2 d i f f e ren t  
flrnction of t h e  f i n a l  t o  i n i t i a l  tank pressure r a t i o s  as  given behw,  as esthated 
from Pope and Goin: 
0567 
The exact gemetry of t h e  matrix heater need not be determined 
simplified analysis but  it could represent a nuILjer o f  concepts as 
below: 
I 
Liner 
Pressure 
Vessel 
Tubes o r  Pipes 
Stacked Inside 
Tank. h a t e d  
ty Incoming 
Compressed Air 
Pressvre 
Vessel 
Airflow 
Liner forces outgoing sir Tubes add huge  surface 
t o  flov adjacent t o  ';ank area for  heat t ransfer  and 
v d l ,  producing a more thermal storage t o  control 
constant e x i t  temperature temperature drops 
(?esse1 w r r l l  ES (Pipes or  tubes added 
~9 thermal matrix t o  
pr$ssure vessel)  
t h e m  matrix) 
f o r  th i s  
ske tcLed 
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Again the  ra t iona le  i s  the  same as f o r  t he  storage tank with no t h z u a l  matrix. 
The reservoi r  gas temperatwe w i l l  be almost equal t o  the  tank t anpe ra twe ,  except 
f o r  minor f luc tua t iom.  
tank press 'ze has been reduced by the  se lec t ion  of a value of %he polytropic cofistant 
c loser  t o  unity.  
The rate o f  change of tank tempeTature with change i n  
These three solut ions can be expressed i n  terms of t h e  i n i t i a l  s tored  mass 
i n  the tank compared t o  tke m a s s  reuoved during a run. These a r e :  
Case I 
Using the  temperature limits derived i n  Section 6.2.3, then: 
pf - - = 0.475 
'i 
n = 1.145 
., 
- -  AT - 0.0gk 
TTi 
then : 
1 1 x i  = 1.994 trun 
AT = 50% (27.8'K) 
T T ~  = 53OoR (29k°K) 
( I b m )  
Case rr -- 
6.2-24 
6-2-25 
6.2-26 
Usmg the temperature :Limits derived il? Section 6.2.3, then: 
Pf .. - = 0.60 Yi 
il = 1.10 
a. - 
AT - = 0.042 
TTi 
- nen : 
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Case I11 
' Usizg the  temperature limits derived i n  Section 6.2.3, then: 
pf - - = 0.35 
p, 
n 1.646 
-. AT = 0.042 
TT: - 
then : 
L W  6.2-28 
For each c-e, there  i s  a uniq1Je solutlon of  storage volume m d  pressure. 
Each part icular  application of a storage system must k anaiyzed t o  determine which 
yrovides the most practi-cal  system costs  t o  achieve t h e  desired performance. 
stagnation tercperatures which are too  high, the  concept of a theimal na t r ix  i n  
t h e  storage tank incurs an unacceptable cost increment, becawe the  p re s swe  vessel  
becones a hot walled s t ructure .  I n  t h a t  case the  reservoir  heate? teccmes the  
most a t t r ac t ive  d t e r r a t e .  
storage pressure required for Caze I1 (no heater)  make t h i s  a l te rna te  feasible 
for  some l o w  pressure appi ica t ims .  
For 
Even thoilgh the  storage voluine i s  larger, t he  lower 
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6.2.7 
%he gas dyr ,a ic  f a c i l i t i e s ,  at  t h e  l eve l  of d e t a i l  consis tent  x i t h  Phase 11. i s  
ra ther  l imited.  The eatire tes t  l e g  contour, which generztes t h e  desir'zd con- 
di t ions  i n  t.;e t e s t  sect ion,  i s  a f'unction only of t h e  Ikch rxxrher t o  be generated. 
Varfations i n  construction o r  actuat ion require  a level of detail exceezine the  
specif icat ion Dcssible i n  Fnase 11, considering the  nrurber of f a c i l i t i e s  nnCe- 
study. 
ComDressors, exhausters, and cooling requiremenxs eg2 in  cannot b-. acconplished ( i n  
any degree of d e t a i l )  i n  t he  time al located for ?haze 11. 
GAS L.:?U!;IC ?:1\.3X.'.;ET!XC VAPZATIOXS - The parametric var ia t ions  p o s s i b l e  w i t h  
Attensting any but general evaluation of t h e  Feri.o'neral equipment SL I i  as 
Ucizg Figcre 6-16 as a reference,  t h e  capab i l i t i e s  of the  minium s i zed  one- 
f i f t h  maximum f u l l  sca le  Eeynollls number simulation f a c i l i t i e s  are shLown i n  F ig i r e  
6-28. These &re t h e  basel ine faci_l.ities f o r  Phase III. 
u-as t o  r e t a i n  t h e  'same performance leve l ,  but increasing t h e  t e s t  sec t ion  size b:y 
2.5 t i m e s ,  a d  decreesicg t h e  base'ine reservoi r  pressure 50 40% of i t s  value for 
t h e  basel ine f z c i l i t i e s .  
abil i ty and cost. 
The f irst  a l t e r n a t e  chose? 
This provides a meastlre of absolute s i z e  on research c a p  
FIGURE 6-28 
COMPARISON OF BASELINE G M  DYNAMIC FAClLiTlES 
WITH FULL SCALE REQUIREMENTS AND EXISTING FACILITIES 
4 
109 
4 
Ren 
108 
0 
107 I 
0 2 6 8 10 12 
hi Nuder 
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Pl te rna te  2 wzs chosen t o  evaluate minimun s ized one-half full sca le  Reynolds 
nurhe:. simulation f a c i i i t i e s ,  as shown i n  Figure 6-29. 
s a e  reservoir  cor,ditions as the  bLseline f a c i l i t i e s ,  'out are 2.5 t i m e s  l z rge r  and 
hzve 2.5 t i n e s  t h e  Re;nclds nuriber capabi3ity of t h e  basel ine f a c i l i t i e s .  
i'c2cL-ms a f f ec t& most by these  parametric var ia t 'ons  Ere the  cos ts  o r  eqaicment 
which i s  required t o  make t h e  tes t  sectior? operate. I n  t h i s  zrea, the  degree of 
deZszl and var ia t ions  possible  preclude sophis t icated evaluation u n t i l  Fhase 111 
;eCuxs t h e  number of f a c i l i t y  vzr ia t ions  t o  a mancigeeble number. 
These ogerate at exactly the  
The -- 
FIGURE 6-29 
COMPARISON OF ALTERNATE 2 GAS DYNAMIC FACILITIES 
YITH FULL SCALE REQUIREYENTS AN9 EXISTING FACILITIES 
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6.2.8 
down-to-atmosphere wind tunnel  operating i n  the  Mach number range 0.5 t o  5.0. 
Detsils of t h e  tunnel  tes? l eg  are shown i n  Figure 6-30, while s schezatic drawing 
of t he  caapiete  f a c i l i t y  i s  shown i n  Figure 6-31. The tes t  sect ion din.er.sicns of 
the  basel ine f a c i l i t y  give it t h e  capabi l i ty  t o  tes t  a t  Teynolds i1umber.s uy, t o  1 / 5  
t h e  maximum f l i g h t  Reynolds numbers of t h e  study o p e r a t i o n d  vehicles ,  throughout 
t h e  e n t i r e  f a c i l i t y  Yach number range. This capabi l i ty  i s  approxinately 2.5 t o  3 
times t h a t  of t h e  best  ex is t ing  blowdo-m f a c i l i t i e s  azd from 2.5 t o  10 tines t h a t  
of the ex is t ing  continuous faci l i t ies .  
TRAILSOIlIC/SWERSONIC SLOWDOWN W I N D  TUNNEL ( G D 3 )  - This f a c i i i t y  i s  a blov- 
The Mach number range of GD3 was choszn based on considerations of stagnation 
pressure and temperature. Since a naximum Reyuolds n-mber of one-fifth t h e  flieht 
value w a s  aecided lipon (see c r i t e r i a ,  Section 6.2.1) as being des i rab le  t o  f u l f i l l  
a majority of the'aeroQnamlc research t a sks ,  tl:e tunnel  vas specif ied t o  operate 
a t  stagnsiion temperatures jupc su f f i c i en t  t o  avoid air  l tquefsc t ion  at t h e  test 
Mach number. 
t h e  maximum stagnation temperature xhich i s  approxinately 250°F (121'C) by means 
of a gas neater which heats  a i r  :ust after leaving t h e  compresscr, storin.: t n i s  
hot air i n  the  regular air ta rks .  
t h e  heater  is  only use< when high Mach nunbers are being run. Choice of higher 
Mach numbers f o r  t h e  f a c i l i t y  leads rap id ly  t o  t h e  nee4 f o r  much higher t m p -  
e ra tures  and the  use of in- l ine t -mnel  heaters ,  which are much more ccs t ly  when 
he i r3  used, and which create unnecessary p r e s s w e  drop i n  t h e  s t i1 l i r .g  PLhmber when 
not being used. 
because of t h e  rap id  increase i n  required maximum s tagnat ion pressure w5th Mach 
nmber. A maxircun !.lath number of 5 w a s  chosen fo r  two reasom. PperatLon at Yach 
mmber 5 t o  an atmospheric exhailst w a s  consis tent  with t h e  maximum tank pressure 
required t o  supply t h e  necessary a i r  f o r  t h e  naxisum m a s s  flow case a:; !!ach number 
1.7. Because of t he  g rea t ly  reduced mass flow at Xach number 5, an zcc.,ptable rufi 
time could be achieved, pzrmitt ing a minimum t v l k  pressure decrease t..u?.ing t h e  run. 
This r e s u l t s  i n  an overa l l  cos t  savings i n  t h e  compressor, a i r  stor-age tanks , blow- 
down l i n e s ,  and s t i l l i n g  chamber design. 
By l iml t ing  t h e  maximum Mach number t o  5.0, it i s  p rac t i ca l  t o  provide 
This i s  a simple a d  economical method, f-nd 
Stagnaticn pr fssure  influences t h e  ch3ice of m a x i m u m  M R C ~  mizber 
The test sect ion s i ze  of GD3, which i s  16 x 16 f t  (4.9 x 4.9 m) for t h e  basel ine 
def in i t ion ,  is a result of t h e  development i n  Section 6.2.2, wher;? rr?iiLjnum t e s t  sec- 
t i o n  s i ze  as a function of Mach number i s  derived i n  terms of  modcl/bs;vlce s t rength  
and Reynolds number c r i t e r i a .  The spec i f ic  dimensicn of 16  ft ue.5 cli5:'En because of 
t h e  existence of t h e  16T and 16s propulsion wind tunnels  at A E D C ,  vhicli are t h e  l a rges t  
continuous tunnels ir, t h e  U.S. covering t h i s  same Mach number rang?. I n  a wind tun- 
ne l  of this s ize ,  t es t  i n s t a l l a t i o n  t i m e  can become a very considel'tible and cos t ly  
item. 
t h e  wind  tunnel is not t i e d  up for  t e s t  i n s t a l l a t i o n s ,  t h i s  work being Cone i n  a 
spec ia l  building. The same concept i s  proposed f o r  GD3, i n  f a c t  it is essen t i a l  t o  
t h e  GD3 spec i f ica t ions  i p  order t h a t  i t s  p o t e n t i d  t e s t  u t i l i t y  >e r?aLized. 
of the  16 foat  dimension gives t h e  p o s s i b i l i t y  of in tegra t ing  GD3 wi-;h t h e  AEDC 
f a c i l i t i e s .  
of t r ans fe r  cars ,  model assembly w i l d i n g ,  t h e  t e s t  sect ion c a r t s  (with some modi- 
f i ce t ion  of t h e  model support system because of t h e  higher dynamic piessure of GI\3), 
compressor and e l e c t r i c  SIJ %tition capabi l i ty  already present at  AEDC, t:cmpllters 
and instrumentation, and operating personnel. The extent  of p rac t i ca l  :.n:egrat,Jn 
p o s s i b i l i t i e s  and r e su l t an t  cos t  saving is  one probable t a sk  for Phase XI. 
The t e s t  sec t ion  c a r t  system, as used by t he  1 6 ~  and 16s tur,nels, ensures t h a t  
Choice 
Integrat ion could result i n  l a rge  savings iil cos t s  by pnssible  sharing 
(Page 6-62 i s  Blank) I y c - I v I U  A # w A m  
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FOLDOUTFRAME I 
FIGURE 6-30 
GF 3, TRlSONlC BLOWDOWN FACILITY 
Plan View of Flexible Wonk for GO3 
,-Slidht S a l  Electric Suer Jacks 
Distribuiion Piping and Control Valves. 
Arragmatt fa 5 Pipes shrm. 
Turning 
Inlet mi fo ld  Assy 7 Vanes 
Sypss Conbol Valves (2) for Transa 
ckb Cmtol. Appmximatefy 4 Ft. x 
iblc Wonk for GO 3 
Electric Serew Jacks 
[$pass Conbol Valves (2) for Trammic 
Mach Conkol. Appmximately 4 Ft. x 16 FL- 
Pressure %ell 555 Ft. Dia. 
r Fast Acting h e w  Jacks 
TwHimmsitnaI Flexible Pb!e Nozzle, 1 < M 4.5. 
hanba Iyax. 
I- TTTT 
Air-to-Air Ejectors Supplied hal SW 
For Quicker Supersonic Starting. Redl 
Starting Loads and Low q Testing. 
Cart with model Support Strut. 
Transonic Cart (Shown) and 
* Supasmic cart Rewired. 
Adjustable Diffuser for Subsonic Choking \ 
[ 
I 
~1 suppart sut a i  Efficient Supustnic Ruming 
- 
Fixed Diffuser, Rec 
Air-to-Air Ejatws Suppiiai irm Sixage SySiiili. 
For Quicker Supsonic Startina, Reduction of 
Starting L d s  and Law q Testing. 
Jacks 
Muffler Assy. Outlet is 60 Ft x 60 Ft. 
Reinforced Concrete Construction. 
Fixed Diffuser, Ratangular Crws-Sedion 
' 1:; Diffuser fw Subsonic choking 
:fficient Supasmic Ruming 
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME Il l  PART I 
FIGURE 6-31 
SCHUllATlC LAYOUT OF GD3 HIGH REYNOLDS 
The quest i  n 
NUMBER TRlSONlC WIND TUNNEL 
Legend: 
0 Test Leg 
@ Air Storage 
@ RcpaneHeata 
@ BIOWIIOWII Piping + contro~ Valves 
@ Model Assembly Building 
@ COmpnrurPlmt 
f deciding on a su i tab le  run time f o r  G D 3  has b ?n s e t t l e d  i n  
favor of a blowdown system with the  capabi l i ty  t o  make one a polar  per run at a l l  
t e s t  conditions. A blowdnm tunnel  i s  preferrable  t o  a continuous tunnel f o r  the  
high stagnation pressures required becar c- of acquis i t ion  and operating cos ts  assoc- 
ia ted  with the  compressor i n  addi t ion t o  increased f l e x i b i l i t y  i n  terms of aero- 
dynamic research programs. For exmple,  t he  compressor horsepower required fo r  
fht- GD3 f a c i l i t y  i s  60,000 hp (44,700 kW) while 216,000 hp (162,000 kW) i s  required 
f o r  16S, which operates a t  a maximum pressure of 13.95, p s i a  (9.6 N/cm*). 
were t o  be strengthened t o  operate a t  300 ps ia ,  as does GD3, t he  horsepower req-aired 
would be approximately 1,650,000 hr (1,230,000 kW). 
incurred ir. modioing a tunnel such as 16s, o r  building a new one of ident ica l  s i ze ,  
t o  withstand in t e rna l  pressures of 300 ps i a  (206 N/cm2). GD3 i s  more f l ex ib l e  fo r  
aerodpmuic research programs than continuous tunnels because of t he  time required 
t o  pump a l a rge  continuous wind. tunnel up t o  operating pressure,  get  t he  e l e c t r i c  
If 16s 
A very la rge  cos t  would b e  
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motors on-line and es tab l i sh  t h e  desired t e s t  conditions. After a rl-in, addi t ional  
time is  required before the  tunnel can be opened fo r  model work. 
f a c i l i t y ,  while nodel work i s  proceeding, t he  tanks are being replenished at  e low 
r a t e  of power consumption. 
very quickl:r, an a polar  i s  run, and the  tunnel can be opened within 5 minutes of 
t h e  closing time. 
numbers of co:diguration changes a r e  beir.g evaluated, as i n  t h e  case i n  research 
programs. 
d-amage f r v m  broken mclels or  model pa r t s .  
any type of tunnel ,  it could be catastrophic with respect  t o  f a c i l i t y  damaae i n  a 
continuous tunnel.  
se lec t ion  of a blowdown wind tunnel over a continuous win3 tunnel i n  t h i s  case,  as 
was  presented i n  Volume 11. 
In a blowdown 
Once the  tunnel i s  closed, t e s t  conditions are established 
This type of operation i s  very e f f i c i en t ,  es2ecial ly  when la rge  
There i s  another advantage t o  the  blowdom operation with respect t o  
While model damage i s  undesirable i n  
In  summation, c c s t ,  power, and t e s t  u t i l i t y  fac tors  d i c t a t e  t h e  
6.2.8.1 
specif icat ions of t h e  basel ine and a l t e rna te  f a c i l i t y  de f in i t i ocs .  
f a c i l i t y  i s  the  minimum s i z e  f a c i l i t y  producing one-fifth mainum f l i g h t  Iiepnolds 
number, Alternate 1 is  a f a c i l i t y  2.5 t i m e s  as la rge  as the  basel ine,  but pl'oducing 
t h e  same Reynolds number, and Alternate 2 is  the  minimm s i z e  f a c i l i t y  Droducing 
one-half maxinum f l i g h t  reynolds number, and i s  t h e  same s i z e  as Alternate  1. 
Specifications - The following t a b l e  gives t h e  physical and operat iag 
The basel ine 
T e s t  Section Size ft 
( m )  
Mach Number Range 
Stagnation Pressure Range p s i a  
(N /cm2 
Stagnation Temperature 
Minimum Run Time 
Tank Pump-Up Time - AVG 
MAX 
Test Conditions 
o M a x i m u m  w 
Mach Number 
Re 6 
PO 
TO 
w 
O F  
("C) 
sec  
h r  
h? 
p s i a  
( N/cm2 
OF 
( " C )  
lbm/sec 
(kg/sec) 
Baseline 
0.5 t o  5.0 
17.3 t o  300 
(12 t o  207) 
100 t o  250 
(37.8 t o  1211 
20 
1 
2 
1.67 
6 .2~108  
140 
(96) 
100 
88,400 
(40,000) 
(37.8) 
Alternate 1 
4Ox40-xlOC 
(12X12X3 ) 
c.5 t o  5.0 
17.3 t o  120 
(12 t o  83) 
130 t o  250 
(37.8 t o  121: 
20 
1 
2 
1.67 
6 .2~108  
56 
(39) 
100 
(37.8) 
221,000 
(100,000 
K t e r n a t e  2 
~- 
bOx40xlGO 
(12~lZx3O ) 
0.5 t o  5.0 
17.3 t o  300 
(1.2 t o  207) 
l o o  t o  250 
(37.8 t o  121) 
20 
1 
2 
1.67 
140 
( 9 6 )  
100 
(37.8) 
552,000 
15. 5x108 
(283,000) 
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o M a x i n u m M  and PO 
Mach Number 
Re& 
PO 
T O  
o Minimum Mach 
Mach Number 
R e  & 
PO 
TO 
w 
p s i a  
(N/cm*) 
O F  
("C 1 
lbm/sec 
(kg/sec! 
p s i a  
(N/cm2! 
OF 
("C> 
lbm/s e c 
( kg /s e c ) 
Compressor Plant  
Capacity scfm 
(ac3 jmin) 
M e x .  Pressure p s i  
(N/c& j 
Air Storage Tanks 
Volume f t 3  
(m3 1 
Max. Pressure p s i  
( r s / c m ~ )  
Propace Heater Btu/hr 
(kW 
Baseline Alternate 1 
5.0 - ! 
2,4s-08 
300 
(207) 
290 
(931 
9,030 
( 4 , 100 
0.5 
1.1exlo8 
35.6 
(37.8) 
(24.5) 
100 
21,950 
(9.960 1 
193 , 300 
(5,470 
500 
i 345 } 
2 ,8~0 ,000  
(81,200 
500 
75.6~106 
( 345 1 
(22,200) 
2. 
120 
200 
22,600 
(33) 
(P3) 
(10,250) 
0.5 
14.2 
100 
(37.8) 
5b ,800 
1.12xlor" 
(9.6) 
(24,850 
U u c m e t e  2 
5.0 
G.ox10 
300 
(207) 
200 
(93) 
56,400 
(95,600) 
0.5 
2. 8X1O8 
(24.5) 
10 0 
137,000 
35.6 
(37.8) 
(63,150) 
1,207,000 
( 34,200 ) 
500 
( 345 1 
13,000,000 
! 368,000 
500 
( 345 1 
4 7 3 ~ 1 0 ~  
(138,000) 
The specif icat ions r e l a t i n g  t o  t h e  s i z e  of the  t e s t  legs and t h e i r  performance 
are considered i n  f i n a l  form as presented i n  t h i s  sect ion.  
s i z e  those anc i l l a ry  items as campressors , exhausters, heaters  , and a i r  s torage 
systems representing t h e  major f a c i l i t y  cos ts ,  but reqc i r ing  b e t t e r  de f in i t i on  f o r  
accurate cost  estimating. 
6.2.8.2 
the  cos ts  estimated f o r  each of t he  f a c i l i t y  components and the  operating costs .  
Estimates were made by the  methods discussed i n  Section 6.1. 
Phase I11 w i l l  empha- 
F a c i l i t y  Component and Cost Summary - Figure 6-32 shows a canpi la t ion of 
MCOOWNRU AI-ACT 
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FIGURE 6-32a 
GO3 FACIL ITY COMPONENT AND COST SUMMARY -- 
F a c i l i t y  Component 
1. TEST 
1.1 
1.2 
1 .3  
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
LEG Sub Total  
Main Pressure Structure  ( I n l e t  Manifold 
ASSY. , S t i l l i n g  Chamber, Flow Spreader , 
Screen Assy. , Blow-Off Valve , Transi t ion 
Section, Main She l l ,  Fixed Diffuser Assy., 
Bypass Val-res , Foundation). 
Nozzle Assembly (Flexible  Sideplates and 
Seals , Sidewall Structure  , Top and Bottom 
Pla tes  and St ruc ture ,  E lec t r i c  Screw 
Jacks , Automatic Jack Posi t ion Control 
System). 
Transonic Cart & Model Support S t r u t  
Supersonic C a r t  & Mod21 Support S t r u t  
Adjustable Diffuser Assembly (Fixed Side- 
p l a t e s ,  iL-ticulated Top and Bottom Pla tes  
and Dynamic Sea ls ,  E lec t r i c  Screw Jacks,  
Jack Support S t ruc ture) .  
Ejector System (Nozzles , Piping, Valves). 
Muffler Assembly 
Building (Control Room, Photo Lab , Instru-  
mentation Areas 1. 
Tunnel and Model Automatic Control System 
1.10 Instrumentation and Data Acyi i s i t ion  
(Transciucers , h p l i f  i e r s  , k w e r  Supply , 
Analog/Digital Converter, Tape Recorder , 
Schlieren System). 
2. COMPRESSOR PLANT Sub Tota l  
2 .1  Mechanical Components ( Compressors , In te r -  
Coolers, O i l  F i l t e r s ,  A i r  Dryers, Motors, 
Controls).  
C0: 
Baseline 
30,811 
9 ,'741 
- 
6,900 
1,480 
1,480 
1,000 
400 
1,530 
4,200 
800 
3,280 
17 , 419 
17,107 
2.2 E lec t r i c  Substation 1 312 
E s t i m a t e  
i1OOO ' s 
A l t  1 
180,040 
60,600 
43,200 
12,870 
9,250 
3,870 
2,500 
9,550 
25,600 
800 
5,800 
43,307 
42,505 
802 
A l t  2 
- 383,540 
152,001) 
-- 
lC7,700 
' 23,130 
23,100 
15,600 
6,240 
23,600 
25,600 
800 
5,803 
_I_ 79,092 
77,680 
1,412 
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3. AIR STOI ,GE TAIKAGE 
4. PROPANE HEATER 
5.  BLOhiD0)WN PIPING (Incl .  Pipes , I so la t ion  Valves, 
Control Vdves,  Air Ejector Piping).  
M0"L ASSEMBLY FJILDIMti (2  Bay Assembly Wilding,  
Test C a r t  Transfer Cars ( 2 )  , Heavy Dutq Double 
Tracks from B-iilding 'GO Tunnel). 
- 
6. 
- - .-
28,200 72,803 ' 123,000 
100 250 62 5 
A47 1 , 345 2,660 
3,328 16,632 16,682 
MCDONNEU AIRCRAFI 
6-69 
Tota l  '80,305 
10% Contingency 8,030 
Facility-Cost 88,735 
3,540 
A&E Fee !? 6% 5,300 
MGT & Coord. Fee @ 4% 
Grand Total 97,175 
314,424 610,597 
31,442 61,059 
3 5 , 8 6 6  671,656 
13,830 26,850 
20,750 40,300 
380,446 , 738,8G6 1 
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FIGURE 6-32b 
DISTRIBUTION 3F FACILITY ACQUISITION COSTS - GC3 
Base Line 
Alternate 1 
Alteraate 2 
--.vE&L 
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FIG I1R E 6-32c 
GD3 OPERATING COST SUMMARY 
Although t h e  zbsolute cos t  l e v e l s  calculated f o r  t h e  components and t o l z l s  
are infornat ive,  t he  c o s t  in2erest ing conparisons are obtained fro!? t h e  "pie" 
char t .  
t h e  t o t a l  cost ,  and zre thus candidates f o r  b e t t e r  de f in i t i on  i n  P h s e  111. 
It reveals grapphicaifj- t h e  f a c i l i t y  caqnnez t s  vhich zxe r s s p n s i b l e  ~ G T  
The three main cost  components =e the  tes t  l eg ,  compressor plr,nt, ard air  
s torage tanks. 
only s l i g h t  po ten t ia l  cost  savings possible  through re5ni r .g  this def i r i t i on .  
compressor p lan t  of fe rs  a means t o  obtain cost  reduction vi thout  com?romisinp the  
t e s t  conditions o r  run t i n e ,  merely by specifying a longer pm?-u-, tir.e For t h e  
m a x i m u m  weight flow c s e  than the  two hours chosen. This is a strziahtfoorwar8 czse 
of t rading of f  t e s t  u t i l i t y ,  as represented by number of rims D e r  s h i f t ,  f o r  reikced 
acquis i t ion a d  operating cost .  
f ined by optimizinE t h e  volume an& pressure,  and are expected t o  resdt  i n  r_ soze- 
vhat hiKher storage pressure and smaller volume tkan t h e  zooservztive values chosen 
f o r  Phase 11. 
The test l e g  de f in i t i on  is  r e l e t i v e l y  f i r m  a d  the re  apFears t o  be 
The 
A i r  s torage tankage volune and CCSCS w i l l  be re- 
6.2.8.3 
several  blowdam wind tunnels  now operating i n  t h e  same Mach nurnber rmge, and 
should present a minimum technica l  risk i n  terms of runct ionirg as specified.  
are several degrees of development f ac t c r s  which a f f e c t  the  assessment of 211 of 
the  ground f a c i l i t i e s  i n  t h i s  study. These can be categorized i r ?  decreasing coc- 
fidence l e v e l  as follows: 
Gevelopment Assessment, - This f a c i l i t y  i s  e s sen t i a l ly  a l z rge  -7ersion of 
There 
o Level 5 - This l e v e l  assumes a l l  of t h e  har6ware necessary f o r  t n e  f a c i l i t y  
tes t  leg ,  system, or  component is avai lable  i n  indus t r i a l  usage in  t h e  s i z e  and per- 
formance l eve l s  necessary t o  s a t i s f y  t h e  f a c i l i t y  requirements. I n  zssembling any 
ground research f a c i l i t y  of t h e  complexity of  those i n  t h i s  studj, even thcvzh a l l  
of t he  individual components operate t o  spec i f ica t ion ,  t h e  system in te rac t ions  
w i l l  produce f m c t i o n a l  problems which must be solved before complete f a c i l i t y  oper- 
a t ion  i s  achieved. These problems are not necessar i ly  minor i n  nature and can re- 
g i r e  a s igni f icant  time period, and/or replacement of equipment t o  remedy t h e  sit- 
uation. 
the f a c i l i t y  w i l l  function as specif ied are excel lent .  The de-bugging of t h e  prob- 
lems tha t  occur during f a c i l i t y  shakedown w i l l  occur regardless  of t he  technica l  
r i s k  associated with r ea l i za t ion  of t h e  specif ied performance. This l e v e l  repre- 
sents  high confidence and l o w  technica l  r i s k  v i t h  t h e  problems ar is i i ig  f r D m  normal 
construction/fabrication sources r a the r  t t a r .  con-realization of equipment design 
goals. 
For t h i s  case, t h e  confidence t h a t  t h e  operat ional  goals will be met and 
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c Levei b - This ieve: assuD.es t h a t  a l l  of t h e  necessary hardware is fevelcLeZ 
w d  i n  i ndus t r i a l  u s q e ,  Ixt not Fuite  at the  s i z e  md/or  p e r f o m a x e  l eve l s  re- 
FuireL, necessi ta t ing a reesonabJ-e e r t rapc la t icn  of ex is t ing  expe r i exe .  Tr, pE?i- 
t i o n  t c \  t h e  expected integratior? Froblens assqciated w i t h  Level 5 ,  there  i s  2n 
aiidit ionzl risk t h a t  sane cf t h e  e q u i p e n t  nay cot  i n i t . i a l l y  a t t a i n  t h e i r  rerfol-arxe 
goals, requir ing addi t ional  des-elopnent time. The conf iCence essociated v i tC 
achieving t h e  desired g o d s  at t h i s  confidence l e v e l  i s  st i l l  high, zlthouEh t h e  
potent ia l  t o  eccountei. sdEit ional  detielopnent p r c b l s s  is greater .  Attentlor. ts 
s n a l l  detaf!.s, and P r c t o t G e  q w l r f i c e t i o n  car. recur-e these  r i s k s  i f  t he  a c Z L i s i t i x  
schedule permits. 
A 6eveloFxnt  progras;: sf t n i s  scope mzy Zccrease t h e  hardvare cos ts  betuee:: 
1. j t@ 2 times t h e  i c i t i d  crtlrzdxd acquis i t ion  costs .  The confidence level is  
high that t h e  specified p e r f o x a c e  of t h e  oT.rerall f a c i l i t y  o r  systen w i l l  ke  
atta5ne3, but i t s  attairzllent Is dependent an an adeqaste deve loyent  progym. 
as i n  Level 5, t h e  ever present in tegra t ion  pmblerr, must be coxsidered. 
Ag-5~ 
o 
o r  systen have been ver i f ied  i n  smaller s ca l e  ex is t ing  - " sc i l i t i e s  a d  i ndus t r i a l  
equtp-ent, so t h a t  t he re  i s  no technica l  reason vhich would prevent a t ta inzent  cf 
desired goals i n  a l l  equipment functions as desired. The hardware is of such a s l ze  
&.nd performance however, t h a t  nev designs and/or concepts are cecessary t o  su?glg 
the  needed conditions. For t h i s  l eve l  of confidence, withaut &? e?uiF.ent d t v e l q -  
nent orogrm,  t h e  confidence i n  i n i t i z l l y  achieving t h e  specifLee FerYcnsnce qcals  
Is grea t ly  resuced f r o m  Level 4. 
irelopsent p r o s e n s ,  but  those associated with l a rge ,  5igh p e r f o m a c e  t2riiJZre 
could require  8 subs t an t i a l  developnent ~rogrem. 
Level 3 - This level assumes t h a t  t h e  pr inc ip les  of 0peratSo-r of t h e  %c<L<:>- 
Some problem areas zay requrre  oai:; m i r - i ~ u - ?  32- 
o Level 2 - This l e v e l  represents  a s i tua t ion  analcgous t o  Level 5 ,  In  t k z t  
Eost cf the  support equipnent e x i s t s  i n  t h e  s i z e  and performance necesszry to achieve 
the  overa l l  performance. 
f a c i l i t j  concest and/or Sesign represent nev apFroaches axxi techciques not pi-evims::: 
zpplied i n  t h e  proFsed  manner. For t h i s  level, a development prograsr! is necesszry 
t o  acru i re  the necessary d e t a i l s  ?.Q correc t ly  s p e c i e  t h e  support eTcigcer;t 2s well 
as dmonst ra te  t h e  cperat ional  s u i t a b i l i t y  of the  concept. ProviCing t k e  supSor thz  
equipment specif icat ions do not mater ia l ly  change, then  tne prinary a i 2 i t i c n a l  c s s t s  
w i l l  be i n  developing t h e  new designs. 
components by as much as a fac tor  of 5 ,  but  t he  t o t a l  impact on t h e  overa i l  cc s t s  
would be subs tan t ia l ly  less, perhaps s imi la r  t c  Level 3. 
underlying t h e  f a c i l i t y  concept need ve r i f i ca t ion ,  t h e  l e v e l  of risk is  higher than 
t h a t  associated with Level 3. 
reassessmnt  of  the f a c i l i t y  f e a s i b i l i t y  or necess i ta te  developnent of sztisfzctcr:? 
elternate design coticegts. 
However, t h e  t e c h i c a l  p r i r i i p l e s  associzte? wL<? t h e  
: 
Thls could increase the  cos t  c f  ? k e  i n C i - = i ~ u s ~ .  
I 
i Since the  basic p r inc i r l e s  
tailure t o  ver i fy  t h e  desigr, concepts vi-ml5 r e q s k e  
o Level 3. - This l e v e l  assanes t h a t  the  f a c i l i t y  ccncept p r o c o s k  is  based 22 
t heo re t i ca l  analyses a d  has not been demonstrated i n  ac tua l  hardware at t % e  ger- 
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fomznce leve ls  m C  s i z e  proposed. This represents  ,he minimum confidence l eve l  
and grea tes t  technical  r i s k ,  reqair ing develomtr,' of a prototype s;rstem t o  ve r i fy  
the  concept 9s vel1 as develosment of t h e  neressary suFport e q u i g e n t  for the  -%lI 
sca le  facl1i;y r e su l t i ng  frcm t h e  prototype tests. Ecen with a Drototy?e prom-%?, 
integrat ion of i?ar&are in t c  a coinplex faci? . i ty  a r ray  while developing the bmi: 
f a c i l i t y  concept itself cculc' result i n  very 2ostlg addi t ional  beve logent  >romans 
ard delays. For t h i s  l eve l ,  t h e  f i n d  cos'. cf the  f a c i l i k y  which achieJes the  sgeci- 
f i ed  design gcals could approach 5 t o  10 b ine  khe i n i t i a l  estimated cost  i f  
s ign i f icant  development problems are encoxi tand .  T h i s  l e v e l  represents  a hlgh r i s k ,  
w i t h  a high prokebi l i ty  tha t  ser ious proulms  c-xiL3 be encountered. 
For GD3, t h e  in tegra t ion  of t h e  hzrdwcrc: i n t o  a fully operetion& f a c i l i t y  
The conpressor should cons t i tu te  t h e  major source or" deve:.c.pment d i f f i c u l t i e s .  
plant  is canprised of nachines c u r r e n 3 y  i n  production; t h e  test  leg is  of a s i z e  
a l r e a 2 j  achieved i n  vind tunnel  fabr ics t ion ,  T'xorporating features  simila: t o  'chat 
of GD3; a d  t he  concept is based on nmerous operat ional  existing t r i s o n i c  w;cd 
tunnels. A pratcjtj-pc of the  GD3 mzz1e system is reFresented by t h e  AELX, -I f o o t  
supersonic wind tunnel  lS, vkich i s  a sca l e  mcdel of the 16 f t  supersmi< tunnel Of 
t h e  ?ropulsic;n Wind Tunnel fac i lS ty ,  and the 16 foot  Propulsicn Yizd TUnnr.1 f a c i l i t y  
Itself, irhich uses a nozzle s y s t m  closely resembling tho  nozzle depicted i n  F i q r e  
6-30. The development assessment of GD3 would then correspond t o  a confidence level 
5 f o r  8 majority of t h e  systems. 
a u f f l e r  qysten: could be coxsidered level 4. 
sre : 
The air s torsge sy,ts ,  cont ro l  vaives, and 
Thc axeas requir ing speczal e t t en t fon  
o Design of inlet manifold and s t i l l i n g  chamber, t o  ensure s t ab le  f i l l i n g  of 
t h e  s t i l l i n g  chmber throughout t h e  Tide range of tunnel  flow rates a d  t o  
ensure deve lopent  of a f la t  ve loc i ty  prof i le .  
o Determinstioc of a reasoncble project ion of  cont ro l  valve technoloffr so 
t h a t  a ninimum nuaber of cont ro l  valves vi11 be specific. 
o Design and development of acoust ical  damping t e c b i q u e s  for t h e  s t i l l i n g  
chamber and Pcuffler. 
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6.2.9 
t h e  trmsonic/supersonic GD3 blowdown wind tunnel with an e l e c t r i c a l l y  heated Mach 
b.5 to 8.5 blowdown wfnd tunnel (described as GD15 i n  Volume 11) provides high 
Reynolds number capabi1it.y and reasonable run tines throughout t h e  range, M = 0.5 
t o  8.5. 
T~~SC'~ICjrUP~.SONIC/HYPERSONIC BLC'JDOWT: W I N D  TUNNEL (GD20) - Integrat ion of 
This integrated f a c i l i t y  i s  designated as GD20, and i s  shown i n  F i m r e s  
6-33, 6-34. and 6-3'. 
Discussion, specif icat ions,  component ELL< cost  summary, and development assess- 
ment of t he  transonic/supersonic test l e g  is  covered i n  Section 6.3.5 and w i l l  not 
be repeated here. 
The hypersonic tes+ leg ogerates  on a blowdoun cycle  from high pressure storage 
tanks and exhausts t q  aumsphere with t h e  a id  of  a i r  e jectors .  
\-ided by a steel matrix storage heater ,  which i s  induct iveig heated p r i o r  t o  each 
s u i .  
C G : ~  '-xxCion with t h e  capabi l i ty  of t h e  other  gas dynamic tes t  f a c i l i t i e s  studied. 
L i K e  t he  others ,  t h i s  f a c i l i t y ,  i n  its Saselfce dc f in i t i cn ,  prcvides Eie;vxlds n--z- 
bers equal t o  a t  least one-fifth of t he  maximum f l i g h t  values f o r  t h e  operat ional  
vehicles.  
azd t e n  t i m e s  t h e  cepab i l i t i e s  a t  Mach 8.5 ava i lab le  i n  ex is t ing  blowdoun type wind 
tunnels. 
Heated a i r  5s pro- 
Figure &A shows t h e  Reynolds number capabi l i ty  of t h e  h!,yersonic leg, i n  
r .. 
?his capabi l i ty  i s  three times t h e  Reynolds number capabi l i ty  a t  Mach 4.5 
The test sect ion s i z e  of t h e  hypersonic leg basel ine de f in i t i on  is  1.2 f t - x  
12 f t  (3.68 m x 3.68 m!, and vas chosen as t h e  best s i z e  f G r  t h i s  Mach number range 
on t h e  basis of %he development i n  Section 6.3.2 as satisming t h e  c r i t e r i a  regarding 
model/balancL s t r e r i h  and Reynolds numbers of t h e  operat ional  vehicles.  
The m a x i m u  Hach n-mber w a s  determined primarily by t h e  minimum stagnation 
temperature required t o  avoid a i r  l iquefact ion.  
f l ex ib l e  p l a t e  nozzle which has sidewall seals. A simple design W E S  desired,  v i t h  
a ninimm of water cooling, so  moderate stagnation tenpera tur t s  w e r e  needed. Another 
r e s t r i c t i o n  on maximum To was t h e  des i r e  t o  use zn economical, durable heater matrrx 
material, with no dust problem. 
materials. 
requirements. 
wcrks out w e l l  with respect t o  air s torage tank pressure requirernents s ince  t h e  maxi- 
nun stagnat ion pressure is 2360 p s i a  (1630 N/cm2), and storage tank pressure -an be 
held t o  5000 ps i a  (3b50 H/cm2), which is  consis tent  with t h a t  required t o  supply 
t h e  maximum mass flow point a t  Mach nunber 4.5. 
The tunnel i s  designed with a 
This requireaent elimixated the  usual re f rac tory  
This 
A stagnation temperature of 801)OF (d27OC) s a t i s f i e d  bc;h of these 
This temperature l i m i t  d i c t a t e s  a m a x i m u m  Mach number of 8.5. 
A blowdovn cycle w a s  chosen over continuous operation i n  order t o  minimize 
heatcr  and compressor power. 
capabi i i ty  t o  make one fdl a polar  per  r'ui? and many runs per s h i f t ,  idea l  fo r  con- 
figuratiofi  aerodynamic research. Like t h e  trsnsonic/supersonic l eg ,  f a c i l i t y  damwe 
resu l t ing  frex model f a i l u r e s ,  8 spec ia l  hazard mcause of t h e  high dynamic pressure 
w e d ,  is a point  i n  favor of a blowaown operation. Impulse type operation w a s  not 
chosen, primarily because of t h e  l imi t a - ions  of t es t  t ine,  and because of t h e  rel- 
ative ease of providing iilowdcwn operation at low t echnica l  r i sk .  Unless very high 
Reynolds numbers approaching f l i g h t  values o r  higher temperatures , corresponding t o  
f l i g h t  dupl icate3 conditions,  are needed, a blov&own t m n e l  i s  superior t o  an impulse 
f a c i l i t y  i n  t 5 i s  Mach range. 
The key research requirement. of t h i s  f a c i l i t y  i s  i t s  
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FIGURE 6-33 
TRISONIC BLOWDOWN LEG OF FACILITY GD 20 
(Identical to GD 3, Figure 6-36) 
Pln View of Flexible Nozzle for GD3 
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A i r b A i r  Ejecton supplial fm SMpc SVSbaD 
Far Quicker Supltmic Strtiog, Reduction of 
Starting Lords ad L a  q Testing. r 
L 
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FIGURE 6-34 
HYPERSONIC BLOWDQWN LEG OF FACILITY GD 20 
Wonk Flexible Plate 
(Water Cmkd in Upsbeam Sation) 
Mach 4.5 to 8.5 1 :2 Ft x 12 Ft Test Section) (336 x 3.76 m) 
TWIecasiml Nonk 
bk&l 92 Ft (2.71 a) Lmg 
Widows 
MCCaNNELL ACmCRAFT 
6-76 
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FIGURE 6-35 
SCHEMATIC LAYOUT OF GD20 BLOWEOWN WIND TUNNEL COMPLEX 
(Transonic/Supersonic Leg Plus Hypersonic Leg) 
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A two-dimensional f l ex ib l e  pla%e nozzle has been specif ied f o r  the  hyppr-onic 
t e s t  leg.  I n  t h e  Mach number range chosen, a two-dimensional rozzle  i s  pract-ical ,  
although axisymmetr i c  nozzles could be used. Axisynmetric nozzles vere  not chosen, 
priniarily on t h e  bas i s  of test  u t i l i t y ,  as neasure:: by t i m e  between runs.  A se r i e s  
of nozzles rJould have t o  be provided, one f o r  each Mach number of i n t e r e s t ,  a d  a 
nozzle ins ta l la t ion  would have t o  be done t o  cnange Mach number. Although each 
individual  axisgmmetrir:  nozzle would be r c h  Aeaper than a two-dimensional f l ex ib l e  
nozzle, provision of a set of nozzles and Lheir associated hsndling e q u i p e n t  would 
probably approximate t h e  cGst of a slngle two-dimensional nnzzle. Vind tunnels a t  
NASA Langley and U D C  have been operated successful ly  urjing two-dimensional, 
, l ex ib le  plate  n-zzles i n  t h i s  Mach nwaber range. 
Integrat ion of t h e  two tes t  legs  w i l l  provide blowdown t e s t  caDabili ty through- 
out t he  very la rge  Mach number range of .5 t o  8.5 i n  one locat ion a t  a t o t a l  ac- 
qu i s i t i on  cost  incrzase of approximately 30% of t h e  base cost  of t he  ti-ansocic/ 
supersonic leg.  
bui lding,  nodel assembly buildiag,  computer, &id same elements of t h e  data  acquisi-  
t i o n  equ ipen t .  
This cost  i s  based on sharing such tn lngs  as the  control  room 
A more f a d m e n t a l  cost  saving in tegra t ion  w i l l  be s tudied i n  Phase I11 , that 
i s  , ccnsider3tion of t h e  technica l  and economic fac tors  involved i n  in tegra t ing  
t h i s  f a c i l i t y  with the  complex a t  AEDC, as Ciscussed i n  Section 6.2.8. 
6.2.9.1 
i f i c a t  ions of t h e  baseline and a l t e rna te  f a c i l i t y  def in i t ions .  The basel ine f 3c ility 
i s  the  minimum s i ze  f a c i l i t y  pi-oducing one-fifth of t n e  niaxinun required f l i g h t  
Reynolds number. Alternate 1 is  a f ac i l i 5y  2.5 times as l a rge  as the  base l i re ,  
producing the  same Reynolds number as t h e  basel ine f a c i l i t y .  Alternat.? 2 Ls zh?. 
mii i imum s i ze  f e c i l i t y  producing one-half f l i g h t  Reynolds number, a:d - s  the sattie 
s i z e  as Alternate 1. 
Specificattons - The fo1lovj .q  t a b l e  gives the  physical and operating spec- 
Test Section Size * 
Mach Number Racge * 
Stagnatior. Pressure * 
Stagnation Temperature * 
Minimum R u n  Time * 
Tank Pimp-Up Time - kvg. 
Test Condition? 
o Maximum *, minimun M 
M a x  
Mach number 
Po 
Refi 
To 
f t  
(m! 
p s i a  
(N/cm2) 
O F  
O C  
sec 
hr 
hr 
p s i s  
(PI /em2 ) 
6F 
("C) 
BASELINE 
2x12 
( 3.58x3.68) 
3 t o  8.5 
50 t o  2360 
(34  t o  650) 
150 t o  800 
(65 t o  427) 
20 
1 
2 
30x30 
( 9 .13x9 .13 
3 t o  8 .5  
50 t o  944 
(34 t o  650) 
150 t o  800 
(65 t o  427') 
20 
1 
2 
30x30 
( 9 .13x9 .13 
3 t o  8.5 
50 t o  2360 
(34 t o  1639) 
150 t o  800 
(65 t o  427) 
2c 
1 
2 
4.5 
396 
( 2 7 3 )  
150 
!65.5) 
7.  5x1G8 
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8 
c t.!axis.a t.1 and Po 
Yach Xuzi3er 
I i e E  
Po psia 
YC OF 
* l b d s e c  
( B/cm* ) 
("C) 
(kgjsec 1 
CmpressLr PIaTt 
k d  Pressure - Capacity scfm 
(m3/sec) 
M a x  Press.  pz ia  
(Wcmc) 
(m3/sec) 
Max Press. p s i a  
( ?I/ C d  ) 
Volcne f t 3  
(m3 1 
( wcm2 1 
High Pressure - Capacity scfm 
A i r  Storage Tank 
Pressure p i a  
S tee l  Matrix Ind t i o n  Heatei 
Power kW 
8.5 
1.3108 
2360 
(1630 1 
800 
(427) 
2890 
(13lO! 
6.5 
944 
(650 )  
1 . 3 i G '  
800 
( 427) 
7225 
( 3275 1 
5b3,OOO 
(15,bGO) 
250 
( 172) 
60,000 
(17G3) 
2000 
( 1 3 8 ~  1 
33 , 800 
(2370! 
200c 
i 1380 1 
6250 
69,605 
[ 31,600 
- - . - - - - . 
8.5 
2360 
i 1630 
8CO 
(L27 1 
15,082 
(8,200) 
3. 25xlCE 
L,358 ,OOC 
YxJ 
(38,500 1 
(345) 
150,000 
( 4240 1 
5000 
( 3J50) 
82,900 
( 2340 
5000 
( 3450) 
15,600 
* For Hyper3 L c  tes t  l e g  only. 
i n  Section 6.2.8.1. 
Values f w  transonic/supersonic l e g  are given 
Specil ications r e l a t ing  t o  t h e  s i z e  of t h e  test l e g  and i t s  performance w i l l  not 
be modified i n  Phase 111. Further work w i l l  ta done i n  determining t h e  most effec- 
t i v e  storage volume and pressure,  and compressor flow ra t e .  
6.2.9.2 Fac i l i t y  Component and Cost S m a r y  - Figure 6-36a shows a compil.ation of  
the  costs  estimated f o r  esch of the  f a c l l i t y  comjlonents and t h e  o2erating cos ts .  
Estimates were made by the  methods discussed i n  Section 6.1. 
Although t h e  absolute cost  l eve ls  calculated for  t h e  componentE and t o t a l s  
a re  presented, t he  overa l l  p ic ture  of t he  r e l a t i v e  magnitudes i s  graphical ly  v i s i b l e  
from t h e  "pie" char ts  (Figure 6-36b). They re\-eal t h e  f a c i l i t y  componects which 
are most responsible f o r  t h e  t o t d  cos t ,  and are thus most amenable t o  b e t t e r  
tiefinitj.on i n  Phase 111. 
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FIGURE 6-3b 
GD20 C O Y W M W T  AIiD COST XIMMARY 
Fac i l i t y  Cozponent 
2.1 
2 .2  
2.3 
2.4 
2.5 
2.6 
2-7 
2.5 
2.9 
bain Pressure Structure ( In l e t  Manifold 
Assy, S t i l l i n g  Ckacber Assy, Main Press. 
Shel l ,  T c s t  S e c t i m ,  Schlieren ir'intiovs, 
Fcrz?dztion 1 
P t e e l  Ma$rix Stor-.,? Heater (Shel l ,  Almina 
Insulation, S t ee l  Xktrix Discs, Induction 
Heat ing  Elements) 
Nozzle Assembly (Flexible Top and Bottom 
Plates  with Upstream Cooling Passages, 
Seals, Sidewall Structure,  Electric Screw 
Jacks, Jack Control System) 
Model SuppolTt System 
Adjustable Diffuser Assy, (Articulated 
Top and Botton P la tes ,  Seals,  Sidewall 
Structure,  E lec t r ic  Screw Jacks) 
Ejector System (Nozzles , Piping, Valves) 
Mcffler Assembly 
Tunnel and Model Automatic Control System 
Instrumentation and Data Acquisition 
(Transducers, Ampllfiers, Power Supply, 
Schlieren System). Analog/Digital Connector 
and Tape Recorder i s  shared with t/S Leg. 
3 .  COMPRESSOR PIAS" Sub Total  
3.1 Mechanical Components (Compressors, 
Intercoolers ,  O i l  F i l t e r s ,  Air Dryers, 
Motors, Controls ) 
Cost s t b a t e  1 
-- 
30,8u  
-. . . ._ 
8.462 
2,016 
990 
1,520 
150 
396 
kO0 
90 
800 
2 ,lo\? 
29,734 
28,232 
180 , o h  
- . - - - - - - - - 
38,199 
11,580 
2,480 
9,500 
395 
2,470 
2,500 
563 
800 
3,680 
69,005 
61,707 
LZ-1 
i 
6,200 
23,700 
937 
6,180 
6,240 
1,405 
800 
3,680 
145,850 
128,040 
I 
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9. MODEL ASSEX3LY BUILDZXG 
(Sazte as G E ~ )  
Totai 
10% Contingency 
Faci l i ty  Cost 
ME Fee e 6% 
l4GT Q Coord. Fee 4s 
Grand T o t a l  I 
FIGURE 6-36a (Continued) 
GD20 COYPOHENT AND COST SUYYARY 
3,328 
103,143 
10,314 
113,457 
6,810 
4,540 
124,807 
25 ,al 
I 
I 
, 746 
I I I 
1,325 
~ 
16,682 
383,816 
38,382 
422,198 
25,300 
16,900 
164,398 
2,65c 
I 
3,060 1 
I 
16*682 I 
778,227 
77,823 
8 56,050 
51,300 
31; ,200 
941,550 
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FiGURE 6-36b 
DISTRIBUTION OF FACILITY COMPONENT COSTS - GD20 
Heatas, Blowdawn Pipiq 
ad Hi* Reszue Staw 
Altanate 2 
Air Storage 
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b l i n c  A w e  i 
1,876 1.44 
1m 1.m 
365 1,770 
3,241 9,794 
FIGURE 6-36c 
GD20 OPERATING COST SUYYARY 
Attanate 2 
15,105 
1.ooO 
4,325 
20,430 
The tramonic/sGpersonic test l eg ,  t h e  l o w  pressure a i r  s torage and t h e  cos- 
pressor  p l a a t  comprise t h e  three main cos t  items, with t h e  hypersonic t e s t  l e g  
cost ing approximately 27% of t h e  transonic/supersonic t es t  leg.  The major speci- 
f i ca t ions  of t h e  two test  l e g s  vhich drive t h e i r  cost  are f i r m ,  and no majcr cost  
s w i n g s  are expected t o  be Eade i n  t h i s  area. 
flow rate f o r  reduced test u t i l i t y  can be made t o  reduce compressor cos ts ,  while 
refinement of t he  storage volume and pressure requirements should result i n  smaller 
s torage volune costs.  
As i n  GD3, 2 t radeoff  of compressor 
A cost  analysis  w i l l  be made i n  Phase 111 which r e f l e c t s  t h e  savings t o  be 
eGected by in tegra t ing  t h e  GD20 f a c i l i t y  with f h e  1 6 ~  and 16s tunnels  at  AEDC. 
Savings w i l l  be a t ta ined  by sharing of at least part of t h e  ccmpressor capsci ty  with 
AEDC f a c i l i t i e s ,  el imination of the  separate  e l e c t r i c  substat ion fo r  GD20 and 
sharing of t h e  m o d e l  assembly building with t h e  16T and 16s f a c i l i t i e s .  
6.2.9.3 
legs  of r e l a t i v e l y  conven%ional design, d i f f e r inq  frm exis t ing  f a c i l i t i e s  mainly 
i n  s ize .  N o  major technological r i s k s  should be present ,  but de ta i led  s tudies  and 
sca l e  m o d e l  evaluation should be done i n  t h e  areas indicated i n  Section 6.2.8.3 
fo r  t he  transonic/supersonic t es t  l e g  and t h e  hy-personic test l e g  before a commit- 
ment t o  a firm engineering design is  made. As defined i n  Section 6.2.8.3, t h e  
cor,fidezc.o l e v ~ l  associated with t h i s  f a c i l i t y  i s  pr imari ly  l e v e l  5. 
age system because of i t s  s i z e  and s torage pressure combination should be con- 
sidered l e v e l  4. 
is  minimal, the  p rac t i ca l  problem of in tegra t ing  t h e  hardware items in to  an oper- 
a t iona l  f a c i l i t y ,  however, could be s igni f icant  and probably w i l l  depend t o  a s i p  
n i f icant  degree on t h e  a t t en t ion  paid t o  small d e t a i l s  when designing t h e  ac tua l  
tunnel complex. 
DeveloFment Assessment - The integrated facil i ty GD20 cons is t s  of two t e s t  
The air s tor -  
The technica l  r i s k  associate: with achieving t h e  performance goals 
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6.2.10 
t h e  gas pis ton d r ive r  concept, as developed at t h e  NOL and using nitrogen as t h e  
t z s t  gas. The eetails of t he  f a c i l i t y  tes t  leg are shown i n  Figu-e 6-37 and t h e  
schematic drawing of t he  f a c i l i t y  i s  Figure 6-38. The gas p is ton  concept w a s  re- 
f ine2 as an operat ional  research f a c i l i t y  by Professor Victor Zakkay of New York 
University. I n  pr inc ip le ,  it i s  an attempt t o  extend t h e  run t h e  of an existing 
c lass  of wind tunnels ,  t h e  reservoi r  heated impulse tunnel.  This conceDt has been 
Firther refiEe& by the  Xaval Crdr,er,ce Laboratory (KOL) , Silve? Springs, Naryland. 
This concept can be applied t o  nearly any enthalpy source concept which s to re s  a 
hot,  pressurized gas i n  a closed reservoir .  
i s  t h a t  as mass is  removed from t h e  reservoi r ,  t he  pressure and temcerdxre  decrease, 
c o n t i m a l l y  changirg the  t es t  sec t ion  conditions. 
so t h a t  t he  r a t e - ~ ~ - ~ ~ ~ a ~ ' ' b T . . t ' h ' e ' - ~ e S ~ ~ a i l - - p ~ ~ ~  - ~ e q e c * ~ z s - h .  &u-enaugL ._ -- 
t h a t  quasi-steady state conditions apply. 
over the  model and some dis tance downstream, the  cocditions are approxiEately con- 
s t an t .  For f a c i l i t i e s  i n  t h i s  czteqory, such as Hotshot impulse wind tunnels ,  
a nominal c r i t e r i o n  i s  a 6-nsi ty  decay of 1% per millisecond, based on i n i t i a l  
conditions at the t i m e  of diaFhragm rupture. 
chamber volume t o  th roa t  area io: 
GAS PISTON DRIVEN HYPERSONIC ItWULSE W I N D  TUNNEL (GD?) - This f z c i l i t y  i s  
impulse type  hypersonic wind tunnel  operating from Mach 8 t o  13, and enploying 
A cha rac t e r i s t i c  of t h i s  type f a c i l i t y  
The reserJ-oir i s  normally sized -- - ---_ - - - -_____ 
That is, i n  t h e  t i m e  an air parcel moves 
For t h i s  c r i t e r ion ,  t he  r a t i o  of a r c  
m 
1000 ' 
V 3  = reservoi r  volume ( i n  3 ) 
A* = t h roa t  area ( in2)  
H, = stzgnation enthalpy (Btu/lb) 
To = stagnation Dressure (OR). 
Only the  gas energy is  per t inent  i n  determining t h e  dewy rate,  and t h e  absolute 
pressure a f f ec t s  only the  zrithalpy corres2onding t o  a given temperature. 
LTV Corporation, Aerospace Division, approached t h e  problem of rapid pressure 
and temperature decays f o r  t h e i r  Ik-inch (.354 m )  Hotshot tunnel by designing a 
hydraul ical ly  driven p is ton  which w a s  t h e  rear wall of t h e  reservoi r  volume. 
pis ton could then be driven at  a speed providing constant propert ies  i n  t h e  arc  
chamber, plus providing f o r  expulsion of most of t h e  gas i n  t h e  reservoi r  ( R e f -  
erence (13)). 
fessor  Zakkay's concept replaces t h e  mechanical driven p is ton  with a gas p is ton  
iii ordei. t o  re&ize t h e  c c q l e x i t y  i n  desigp, operat ion,  and control  associated with 
the  mechanical system. The gas p is ton  consis ts  of admitting cold g a s  t o  t h e  heater  
reservoir  a t  a rate equal t o  t h a t  flowing through the  throa t .  
from four t o  e ight  times more dense than t h e  hot gas, it can, under t h e  proper con- 
d i t ions ,  a c t  as a pis ton,  provirling constant pressure and temperature i n  t h e  
reservoi r ,  while expelling most of t h e  hested gas. 
t h e  cold gas tn te r ing  a t  the  bottom of  t he  reservoi r ,  minimal mixing occurs between 
t h e  cold and hot gas, providing the  in te r face  ve loc i ty  i s  l o w  subsonic. 
The 
This design provided one o r  more seconds of  uniform t e s t i n a .  b o -  
Since t h e  cold gas i s  
For a v e r t i c a l  heatcr ,  with 
For a 
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FIGURE 6-37 
GD 7, GAS PISTON HYPERSONIC WIND TUNNEL 
(Mach Number 8 to 13) 
7 I Driven Upstrum Nut Triale niahrm - I 
+4iPt0-100 
I - Q 5 10 
Feet 50 Ft 
I 
0 
(153 m) 
I 
100 Ft 
(30.6 m) 
(Page 6-86 is B l s n k )  W C W N N R U  AIRMACI 
6-85 
, -..--- .-r-- --.* - -  
-Montes d Sate Lam and Exit 
Dirneta to Corn Mach 8 to 13 Rawc 
Eithaa #;Kh load a lkch l3 Wade Set, 
or a Mach 9, 11 and 13 Set With Rcplrc&Ie 
Tbroat Sections for Mach N& Variation. - 1  I 
Angle of Athck 
+4lPt0-100 
I 
100 Ft 
(306 a) 
I 
19 Ft 
(45 3 a) 
valve 
I 
200 Ft 
(61.0 la) 
I 
250 Ft 
(762 m) 
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FIGURE 6-38 
SCHEMATIC LAYOUT OF GD7 HIGH REYNOLDS 
NUMBER GAS PISTON DRIVEN HYPERSONIC WIND TUNNEL 
horizontal  heater ,  t h e  in te r face  must move at  spec i f i c  ve loc i ty  limits based on t h e  
Froude number of the  in te r face  veloci ty .  "he Froude number is: 
D = chamber diameter 
w i t h  t h e  minimum value permissible f o r  r e s t r i c t i n g  the  undercutting of t h e  cold gas 
indicated (from NOL data). As indicated,  near ly  any reservoi r  heating system could 
be employed, some examples being: 
o Inductive o r  capacitance energy s torage arc  heater  system as fo r  Hotshot 
impulse wind tunnels , for  temperatures between 1800'R (1000'K) and 9000'R 
( 5 0 O O O K )  with nitrogen. 
o Arc heater  reservoi r  heating system proposed by W. B. Boatright of  NASA 
Langley based on a continuous operztion w c  heeter (FEAT) f c r  temperatures 
up t o  7200'R (4000'K) i n  clean air. 
o Elec t r i c  heater  employing a metal natrix f o r  temperatures up t o  25OO'R 
( 1 b O O O K )  with clean air. 
o Elec t r i c  heater  employing a graphi te  matrix f o r  temperattires up t o  5400'R 
(3000'K) with nitrogen. 
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Because of t he  experience accumulated at NOL through developing and operating 
graI;r?ite heaters ,  t h e  last  concept w a s  chosen as the  best  i n i t i a l  s tep ,  having t h e  
l e a s t  r i s k ,  as it is based on equipment already i n  operation and of fer ing  l e s s  
repa i r  and maintenance problems such as associated 15 th  very l a rge  Hotshot f ac i l -  
i t i e s .  
degree of development, operating cos ts ,  and t h e  requirement f o r  a i r  instead of 
nitrogen (such as f o r  conbustion s tud ie s )  a t  t h e  time ser ious consideration is  
being given t a  acquiring such a f a c i l i t y .  
s t i t u t i o n s  would be replacing t h e  graphi te  heater  elements with superalloy metal 
heaters  t o  achieve an air t e s t i n g  capabi l i ty .  
However, any of t h e  above concepts could be u t i l i z e d ,  depending on t h e i r  
One of t h e  more straightforward sub- 
Like t h e  other gas dynamic f p c i l i t i e s ,  t b i s  f a c i l i t y ,  i n  i t s  basel ine dt -11- 
i t i o n ,  operates a t  one-fifth of t h e  maximum f l i g h t  Reynolds nunber throughout i t s  
range. I t s  performance i n  r e l a t ion  t o  t h e  other  gas dynamic f a c i l i t i e s  i s  shown 
i n  Figure 6-20. 
An impulse mode of operation w a s  choseu because of t h e  stagnation pressure and 
t a p e r a t u r e  requirements f o r  Mach 13. The high water cooling capabi l i ty  t h a t  a 
continuous o r  in te rmi t ten t  operating f a c i l i t y  would require ,  i n  addi t ion t o  t he  
very cos t ly  compressor acquis i t ion and operating cos ts ,  make t h e  impulse m o d e  very 
a t t r a c t i v e  i n  t h i s  case. The t r a d i t i o n a l  f ac to r  of poor t e s t  u t i l i t y  based on the  
short  run times of impulse f a c i l i t i e s  is minimized by t h e  se lec t ion  of t h e  gas 
pis ton d r ive r  mechanism. Instead of Gun times of around 100 microseconds associated 
with shock tube d r ive r s ,  o r  of 100 mill iseconds associated with hot shot type 
dr ivers ,  the  gas p is ton  i s  expected t o  produce run times on the  order of 1 t o  4 
seconds. 
t o  complete one p i t ch  polar  per  shot i n  t h i s  t e s t  time, i n  cont ras t  t o  t h e  more 
usual one da ta  point per shot.  This fea ture  of a var iab le  angle of a t tack  system 
fo r  an impulse wind tunnel has been accomplished i n  hotshot wind tunnels  at both 
MCAIR and AEDC. 
addi t ion,  t h e  r e l a t i v e l y  l o w  pressures and temperatures specif ied ( i n  comparison 
with most impulse f a c i l i t i e s )  , should result i n  a d r ive r  design .rhich requi res  
comparatively l o w  amounts of maintenance. This r e s u l t s  i n  a high shot r a t e ,  estim- 
ated a t  4 per  8 hour s h i f t .  
A high p i t ch  r a t e  hydraul ical ly  operated model support s t r u t  w i l l  be able  
This r e s u l t s  i n  a ten-fold improvement i n  t e s t  u t i l i t y .  Ir, 
The tes t  sec t ion  s i z e  of GD7 i s  1 0  f t  (3.05 m )  i n  diameter, and l i k e  a l l  t h e  
gas dynamic f a c i l i t y  t e s t  sect ions,  has been s ized on t h e  bas i s  of t h e  development 
i n  Section 6.2.2. 
6.2.10.1 3 e c i f i c a t i o n s  - The following t a b l e  gives t h e  physical and operating 
spec i f ica t ions  of t he  hasel lne and a l t e rna te  f a c i l i t y  def in i t ions .  The basel lne 
f a c i l i t y  i s  t h e  minimum size f ac i4 i ty  producing one-fifth f l ight  Reynolds number, 
Alternate 1 is  a f a c i l i t y  2.5 times as l a rge  as t h e  base l ine ,  5u t  producing the  
same Reynolds number, Alternate 2 i s  the  minimum s i z e  f a c i l i t y  producing one-half 
f l i g h t  Reynolds number, and is  t h e  same size as Alternate 1. 
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Test Section Diameter 
Mach Number Range 
Stagnation Pressure 
Stagnation Temper at ure 
R u  Time 
Tunnel Recycling Time 
T e s t  Conditions 
o Maximum Mach 
Mach Number 
R e  6 
PO 
TO 
w 
o Minimum Mach 
Mach - Nurdber 
R e  dc 
_ _  .. 
.. .... . .- 
TO 
il 
Gas Piston Driver 
Working Pressure p s i a  
(N/cm2) 
Elec t r ic  Power f o r  Heater kW 
Volume Hot Chamber r t 3  
(m3 1 
Volume Cold Chamber ft3 
(m3) 
Baseline 
10 
(3.05) 
8 t o  13  
1000 to 18,800 
(690 to 12,970) 
1260 to 2500 
(700 t o  1390) 
1 t o  4 
2 
13 
6.5 5x107 
18  , 800 
(13,000 
2,500 
(1,390) 
837 
( 380 1 
8 
1. 5x108 
3,210 
(2,21Q 1 
1,200 
( 700 
2,114 
(960) 
20 ,ooc 
(13 , 800 
100 
4.57 
(.I291 
( .  388) 
13.7 
Alternate 1 
25 
(7.63) 
8 t o  13 
400 t o  7,520 
(276 t o  5,180 
(1260 t o  2500 
(700 t o  1390) 
1 t o  4 
2 
1 3  
7,520 
(5,190) 
2,500 
(1,390) 
2 , 090 
(950) 
6 .55~107 
8 
1. 5L08  
1,283 
( 874 1 
1,200 
(700 
5,290 
(2,400) 
8,000 
(5,500) 
250 
11.4 
( .323) 
34.2 
(-967)  
Alternate 2 
25 
(7.63) 
8 t o  30 
1,000 t o  18,800 
(690 t o  12,970) 
1260 t o  2500 
(700 t o  1390) 
1 t o  4 
2 
13 
16 .4~107 
18,800 
( 1 5 390 1 
5,230 
(2,370 
(13,000) 
2,500 
8 
3 .75~ l .O~  
3,210 
(2,210 1 
1,200 
(700 ) 
13,200 
(6,000) 
20,000 
(13,800) 
62 5 
28.6 
(.809) 
85.5 
(2.42) 
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Booster Pump 
Capacity 
Pressure 
Vacuum System 
Volume f t 3  
in3 ) 
Pump Capacity sc fh  
(mj/min) 
-%n. Pressure p s i a  
(N/cm2 
Baseline 
20 
( , 5 f x )  
20,000 
(13,800) 
33 , 500 
(948 1 
400 
(11.3) 
.0354 
! .0244) 
Alternate 1 
50 
e,ooo 
(5,500) 
(1.41) 
83,800 
(2,370) 
1,000 
(28.3) 
.01417 
(.0098) 
Alternate 2 
125 
(3.54) 
20,000 
(13,800 ) 
210,000 
(5Y94C) 
(70. *I! 
2,500 
.03$+ 
( .0244) 
6.2.10.2 F a c i l i t y  Component and Cost S m a r y  - Figure 6-39 shows a compilation 
of t F -  -osts  estimated f o r  each of t h e  f a c i l i t y  components and t h e  operating 
cost  -.  The estimates were made by t h e  methods discussed i n  Sectfon 6.1. 
The "pie" char t  breakdown (Figure 6-39b) ind ica tes  t h a t ,  unlikcp nost  of t h e  
other  gas dynamic f a c i l i t i e s ,  t ne  tes t  leg is  the  cm2onent most i n p r i a n t  t o  t o t a l  
cost .  This i s  t h e  d i r ec t  r e s u l t  of choosing an impulse type f a c i i r t y  with i t s  vei-y 
low auxi l ia ry  equipment requirements. Consequently, t h i s  indicates  ':hat ref ine-  
ment of t he  cost  estimates of t he  t e s t  l e g  components iJill l e &  di-  
confidence l e v e l  i n  the  t o t a l  costs .  This refinement i s  require3 a l so  orl a tecli- 
n i r a l  bas i s ,  as w i l l  be pointed out i n  +,he following sec t ion ,  because of t1.e use of 
a new dr iver  concept. 
.y t a  a hich 
Operating cos ts  a r e  low, but a r e  a l so  very sens i t i ve  t o  a b e t t e r  f a c i l i t y  
This item i- -.lmost 100% comprised ?f l i qu ie  nitrogen 
def in i t ion .  
21% of the  +-.';a1 costa .  
supply cost ,  <he cost  of e l e c t r i c i t t  -31 the  bGostzr pump, hea ter ,  and vacuum 
pump being negl igible .  This nitrogen cos t  may be eliminated upon furthe:: &sign 
refinement, if it i s  deemed p rac t i ca l  t o  use air as t h e  t e s t  gas. 
For instance,  power and consumables f o r  the  basel ine def in i t ion  a r e  
6.2.10.3 Development Assessment - This f a c i l i t ,  concept is based on an ex is t ing  
design under developmen+a at t h e  Naval Ordnance T.aboratory f o r  t h ree  t e s t  l egs  of 
Mach number 10, 15, and 20, but of a s i z e  sn~a l l e r  than GD7. 3ased on t h e  knowledge 
acquired i n  t h e  development of t he  NOL faci l i t : .es ,  GD7 should have b confidsnce 
l e v e l  of 5 for  most. of i ts  components. The exception is t h e  air storage system 
which repi -sents a volume/pressure combination consis tent  with l e v e l  4, o r  l e v e l  3, 
&pending on the  interpretacton of t h e  ex is t ing  capabi l i ty .  The control v:.lves f o r  
th i s .pressure  l eve l  and mass are ce r t a in ly  l e v e l  3. Detailed s tudies  and sca le  
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FIGURE 6-39a 
GD7 COMPONENT AND COST SUMMARY 
- 
Feci l i ty  Component 
L. TESTLEG Sub Total 
1.1 
l . 2  
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.0 
Gas Piston Driver Assy, (Upstream Chamber, 
Downstream Chamber, Quick Opening Ball 
Valve, 3 l ec t r i c  Heating Elements, Throat 
Assy, Support C a r t s  and Track, Elec t r ic  
Subst et ion 1 
Contcured Aluminum Arisymmetric Nozzle 
Test Section and ScUieren Windows 
Model Support (ElydraulicaUy Actuated) 
D i f f u s e r  Assembly  
'Vacuum Sphere 
Building (Control Rocm, Fnoto Lab, Inst .  
Lab., Office Area, Model -Set-Up Area 
Tamel and Xodel Automatic Control System 
Instrumentation and Data ?cqLisition 
(Transducers, Amplifiers, Power Supply, 
Analog/Digitel Converter, Tape Recorder, 
Schlieren System) 
2. NITROGEN 
(Stcrage Dewar, Transfer Lines, LN2 Pmp, Heat 
Exchanger, Booster Pump, Distribution Piping 
and Valves I 
13. VACUUM PUMPING SYSTPI 
T o t d  
Continaency e 10% 
FEC lity Cost 
M E  Fee 8 6% 
MGT dr Coord e 4% 
Grand Total I 
COl 
ase l ine  
2 2 2 3 -  
4,286 
123 
383 
100 
264 
147 
720 
lo@ 
3,130 
125 
-- 
360 
9,688 
969 
10,657 
639 
427 
11,723 --
; Estimate 
$ l o o r  
A l t  1 
48,602 
26,825 
1,920 
5,970 
250 
4,120 
367 
4,3'10 
100 
4,680 
312 
900 
49,814 
4,981 
54,795 
3,290 
2,190 
60.275 
Alt 2 
89,465 
66,760 
1,920 
5,970 
525 
4,120 
920 
4,370 
100 
4,680 
-- 
780 
2,250 
92 ,&5 
9,249 
101,744 
6,100 
4,070 
111,914 
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FIGURE € 3 9  
DIST41BUTION OF FACILITY ACQUISITION COSTS - GD7 
Ted Leg 
Baseline 
Alternate 1 
Alternate 2 
FIGURE 6-39c 
GD7 OPERATING COSTS 
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nwael prototype development work could be required on t h e  following i t e m s .  
o ilevolopment o f  propcy proportioning and s i z ing  of gas p is ton  d r ive r  
geomeLqz?r, and cont ro l  valve operation so that non-decaying pressure and 
temperature can be achieved throughout t h e  desired tes t  t i m e .  
work i n  t h i s  f i e l d  has been focused on dr iver  derelopaent f o r  higher Mach 
number f a c i l i t i e s  than GD?. 
Currert  
0 Evaluation of t h e  impact of using air as t h e  t es t  gas (rather than nitrocren) 
on t h e  eLectric heating eleaents  and t h e  r e l i a b i l i t y  and zaintenarice of 
t h e  dr iver  assembly. If p rac t i ca l ,  t h e  use of  air would r e s u l t  i n  a worth- 
uhile operati,g cast saving, an0 perhaps a better research \-due. This 
edd5tione.l research value would arise pi*imarily from t h e  propulsion area, 
s ince  fo: low temperature Reqnolds number f a c i l z t i e s ,  no d i s t i n c t  dif-  
fe re rce  s l iodd arise from using air  and zlitrogen, unless combustion is 
involved . 
6.2.11 
research value as t h e i r  maximum Reynolds number capabi l i tv  is increzsed. F i p r e  
EVALUATI@?TS i 3 D  C@YCLUEIONS - The gaswnamics f a c i l i t i e s  provide increased 
6 - t O  shows t h i s  t rend  for  t h e  C/1 combination, which cons is t s  of GD2U plus GD7, 
covering the  e n t i r e  Xach number range of t h e  po ten t i a l  operat ional  venicles ,  fron 
Yazh number 0.3 t o  Mach number 12. The basel ine f a c i l i t i e s  about t r i p l e  ex is t ing  
m a x i z u m  capabi l i ty ,  and t h e  second a l t e r n a t e  f a c i l i t i e s  provide about seven t i m e s  
The existing maximim czqgabiilty ir, terns of Se.ynolds :;umber. 
resezrch value is not a liaear function or' Reynolds number capabi l i ty ,  and providing 
seveG t i n e s  t h e  Reynolds number capabi l i ty  only increases resesrch value by two 
and me-half t des .  Two fac tors  should be noted i n  interpr3tinp: t h e  research value. 
The ev2ha t ion  w a s  made on t h e  bas i s  of achicvinp; a Kiver, f r ac t ion  of t h e  ? i s b u m  
Reynolds nLraber consis tent  v i t h  t h e  maximum projected performance of t h e  nicc 
poten t ia l  operat ional  h-y-personic aircraft (Volume V I ) .  
attainment of 1/5  of t h e  m a x h u m  Reyxlds  number m e - s  t h a t  f o r  t h e  most. Frobable 
c ru i se  ccnditions of some of  t h e  p ten t ia l  operationel vehicles,  t h i s  capabi l i ty  
represents attainment of  from 3/5 to !+/> OT tne  cmiise Reynolds numbers. Exis t ing 
f a c i l i t i e s  which vere nominally rated at 1 /15  the maximum Reynolds number (see 
Figclre 6-28) can provide about l / 5  of t h e  c ru i se  Reynolds I3uolber. 
ettainment of 1 / 5  of t h e  max imum Reynolds number y ie lds  a research value of about 
605. Extrapclating t h i s  curve t o  near full sca le  values implies a research value 
of nearly 955. 
attaLgmwnt of mbximum Reynolds numbers as dictated by the 2000 psf (95,700 tI/rn2j 
dynamic pressure l i m i t ,  are higher than indicated i n  F i g u r e  6-40. 
shows t h e  increase i n  research value obtained by increzsing f a c i l i t y  s i z e  while 
miintaining a given Reynolds number capabi l i ty ,  and r ibwe 6-42 r e l a t e s  t h e  researck 
value %O increased acquis i t ion costs .  
capahls of providing t h e  desired Reynolds number. 
i n  Icset?ch value with f a c i l i t y  s i ze ,  because the  model size f o r  t h e  basel ine f ac i i -  
i f -Y i s  already large enough t h a t  addi t ional  s ize  gains  very l i t t l e  i n  ac tua l  re- 
search capab i l i t j .  .grari%lating Fikures 6-40 and 6-41 i n t o  cost  comparisons vs 
research value. t h e  amount of money required t o  provide increased Revnolds numbers 
The increase i n  
-4s discussed i n  Volme I1 , 
As shown, 
Thus, t h e  research value of t h e  fac i l i t i es ,  i n  areas not requi r ing  
F i p e  6-41 
The baselin.. f a c i l i t y  i s  the  mi r i imum s i z e  
There i s  only a s m a l l  increase 
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FlGURE 6-40 
COMPARISON OF MAXIMUM REYNOLDS NUMBER CAPABILITY WITH RESEARCH 
VALUE FOR MINIMUM SIZEil GASDYNAMIC FACILITIES 
FIGURE 6-41 
COMPARISON OF WIND TUNNEL SIZE-FOR 1/5 HAX!UUM FULL SCALE REYNOLDS 
NUilBER SIUULATION, WITH FACILITY RESEARCH VALUE 
C = Test Wioa Crc - stdiml ka 
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FIGURE 6-42 
EFFECT OF FACILITY SIZE ON RESEARCH CAPABILITY AND 
COSTS FOR A GIVEN REYNOLDS NUMBER CAPABILITY 
ib FULL SCALE REYNOLDS HUIBER sIwwnm 
- -7 
I I I I 1 1 
0 200 100 600 
Acgisititm Costs, 1910 Mlrr - lillioas d D o l k  
is  very large.  Figure 6-43 demonstrates t h e  cos t  increment between one-fifth maxi- 
mum Reynclds number simd-ation and one-half maximum Reynolds number simulation. If 
t h e  cost  re la t ionship  were extrapolated t o  full scale Reynolds number simulation 
capabi l i ty ,  t he  t o t a l  acquis i t ion  cost  approaches 5.9 b i l l i o n  dol la rs .  These cos t s  
shown i n  Fi,-ure 6-43, are fo r  t h e  C/1 canbination. Attaining max imum Reynolds 
number capabi l i ty  is very cost ly .  The one-f i f th  maximum Reynolds number f a c i L t i e s  
already can achieve near full sca l e  Reynolds number simulations f o r  many of the  c ru is?  
conditions. 
vides addi t ional  simulation Srimari ly  fo r  a l t i t u d e s  lower than c ru i se  and approaches 
m a x i m u m  vehicle  performance. 
not seem t o  be j u s t i f i e d  by t h e  costs .  
Extending t h e  capabi l i ty  t o  one-half the maximum Reynolds number pro- 
I n  t k i s  context, t h e  ad6i t iona l  research r e tu rn  does 
This da ta  i s  summarized i n  t a b d a r  form i n  Figure 6-44. The upper t ab le  i n  
t h a t  f igure shows t h e  increase i n  research capabi l i ty  and cos t  as f a c i l i t i e s  are 
combined t o  achieve a f u l l  Wach number range. The GD20 f a c i l i t y  cons is t s  of GD3 
plus an additional. hypersonic l e g  derived from the Phase I GD15 f a c i l i t y .  
t h e  f a c i l i t y  mass flow and s i z e  decreases v i t h  increasing Mack number, t he  coat 
of acquiring addi t iona l  Mach number capabi l i ty  becomes more economical. 
cost ly  increment i n  t h e  operat ional  envelope of t he  po ten t i a l  operat ional  hyper- 
sonic a i r c r a f t  i s  t h e  0.3 t o  5 range. This  lower Mach number range i s  probably an 
essen t i a l  elerment i n  t h e  overa l l  research necess.ary f o r  t he  po ten t i a l  operat ional  
hypersonic a i r c r a f t .  
Because 
The most 
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* 
Am* Fxliity Acpuisitim Cost , Nu* 
Facility &sea& Value (rillias d Cbllas) h e  
(h-ctnt) 
GD3 U 97.2 0.3 to 5 
GDM 53 124.8 0.3 to a -
GDn I 
GD7 60 136.5 0.3 to 13 
- 
FIGURE 6-43 
COMPARISON OF REYNOLDS NUMBER CAPASlLlTY WITH 
RESEARCH CAPABILITY AND ACQUlSlTiON COSTS 
FOR APPLICABLE RESEARCH OBJECTIVES IN AERO/THERi1100YN.4!!CS AND PROPULSIOII 
a =  
"-3- 
LL c b c h l w a  la-- - i  5 RrqeO3b13 I 
I t 
2: 
- 
i= 
2 ;  
-- 
-a 
I 1 I 1 
am 10#1 
kqnisitia Cask, 1970 Dollrs - lillimr d Ddlts 
Facility kquisition Cost 
Reseach Va!z  (Isiltims of Dollas) 
(Percent) 
GO20 I GD7 
Raseline 136.5 
GD20 I GD7 
Alternate. 63 524 7 
GD20 t GO7 
Atterrtrte 2 i a  1,053.5 
YWI Nuder 
Rap 
03 to 13 
0; to 13 
0.3 to 13 
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Based on t h e  analysis  of t he  cos t  breakdowns presented fo r  each f a c i l i t y ,  t h e  
component which provides t h e  t e s t  capabi l i ty  (tunnel l e g )  general ly  requires  t h e  
l e a s t  do l l a r  out lay and i s  the  best  defined. 
legs w i l l  be considered "near optimum" ane major emFhasis w i l l  be placed on t h e  
f a c i l i t y  system as a whole and providing b e t t e r  de f in i t i on  of t h e  more cos t ly ,  
and less prec ise ly  defined support harduare. 
Therefore, f o r  Phtise I11 t h e  tunnel  
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6.3 ENGINE RESEARCH FACILITIES 
We engine research f a c i l i t i e s  are provided t o  accomplish research associated 
with th? propulsion, operat ional ,  and subsystem research object ives ,  and, when 
augnented with aerodynamic nozzles , accomplish research associated with t h e  themo- 
dynamic and s t ruc tu ra l  research object ives .  The fundamentd p r p c s e  of these  facil- 
i t i es  is  t o  provide f l i g h t  duplicated conditions f o r  as l a r g e  an engine as necessary 
or  prac t ica l .  For t h e  turbo-machinery and subsonic combustion ramjets operating 
a t  Mach numbers less than  six, full sca le  englne/ inlet  capabi l i ty  can be provided. 
For supersonic conbustion ramjets (SCRAMJETS) and convert ible  scremjets , it does 
not appear possible t o  pi’ovide rull sca le ,  complete engine capabi l i ty  f o r  a l l  s i zes  
of engines and t e s t i n g  is l imited i n  some cases t o  modified d i r e c t  t e s t i n g  techr’2ues 
fo r  subscale engine modules. 
i n  providing f l i g h t  duplicated conditions at very l a r q e  mass flows by a consider- 
able  norgin. 
hardwa;.e components i n  operation at ex is t ing  in s t a l l a t ions ,  but l a r g e r  i n  s i z e  and 
with higher performance leve ls .  
be within t h e  current  technology. 
s ign i f icant  challenge t o  t h e  current technology and are t h e  hardware items pacing 
f a c i l i t y  development, i n  most cases. 
equipment requirements s ign i f i can t ly  exceed current  technology limits. 
and yerfomance of t h e  engine f a c i l i t i e s  i s  based on analyses of  t h e  po ten t i a l  
operational hypersonic a i r c ra f t  ard t h e i r  associated engines. 
Both c lasses  of f a c i l i t i e s  exceed Dresent capoll.:.:.y 
For most of t h e  engine f a c i l i t i e s ,  t h e  concepts are based on spec i f ic  
Increasing t h e i r  performance Levels appears t 3  
The continuous air heaters  represent a 
For one of t h e  scramjet f a c i l i t i e s ,  t h e  
The s i z e  
6.3.1 
6-45a presents  t he  i seh t ropic  reservoi r  c o n a t i o n s ,  and m a s s  f l o w  per uni t  area i n  
DESIGN CRITERIA - The primary crLterion i s  t r a j e c t o r y  duplication. Figure 
t h e  test  sect ion as a f’unctioE of f l i g h t  V k h  number and a l t i tude . -  For reference,  
t h e  general  bounds of t h e  ogerational hypersonic aircraft are given (see Figure 
6-15). These are t h e  conditions required i n  t h e  reservoi r  of a nozzle f o r  f r e e  J e t  
t es t ing .  Provision of these  conditions on a continuous basis i n  excess of Mach 
number 6 f o r  t he  mass flow end enthalpy required f o r  full sca le  engines i s  qu i t e  
a challenge. 
grea te r  than 300COR (1670OK). There is another na tura l  denarcation at  Mach 6 i n  
t h a t  duct pressures,  heat t r ans fe r ,  and net  t h r u s t  considerations favor t r a n s i t i o n  
t o  supersonic combustion, although subsonic combustion could be malntair,ed up to 
Mach numbers as high as eight- at higher equivalence r a t i o s .  
capabi l i ty  up t o  Mach number 6 with f l i g h t  duplicated conditions could be provided 
f o r  f u l l  s ca l e  turoomachinery and ramjets. 
see Volume V. I n  many’ cases,  t h e  necessi ty  f o r  f r e e  Jet  t e s t i n g  is  not consis tent  
with t h e  addi t iona l  cos t ,  and d i r e c t  connect t e s t i n g  is suf f ic ien t  f o r  turbo- 
machinery end ramjets. 
per u n i t  area, as a function of  a l t i t u d e  and Mach number, f o r  subsonic combustion, 
d i r ec t  connect t e s t ing .  The shaded area . represents  t h e  simulation capabi i i ty  provided 
fo r  the  Phase I1 turbonachinery and ramjet tes t  f s c 5 l i t i e s .  For both f r e e  j e t  and d i -  
r ec t  connect t e s t i n g ,  a naxjmum duct p re s s i r e  of 150 ps i a  (103N/cm2) was used. 
t o  f r e e  j e t  testing, the  d i r e c t  connect pressures a r e  less challenging. Figure 6-45c 
gives  t h e  reservoi r  conditions and mass flow per u n i t  a rea ,  as a funct ion of a l t i t u d e  
and Mach number, f o r  modified d i r ec t  connect t e s t i n g  of supersonic combustion ramjets. 
Because of t he  v e r j  high reservoi r  pressures required f o r  free j e t  t e s t i n g ,  using 
modified d i r ec t  techniques permits f u l l  dupl icat ion t o  Mach number 9,  and some 
simulation a t  hf-gher a l t i t u d e s  up t o  Mach number 12. 
The primary l imi t a t ion  i s  the heater required t o  obtain gas teniperatures 
Free j e t  t e s t i n g  
For reference t o  spec i f ic  engine s i zes ,  
Figure 6-45b gives t h e  reservoi r  conditions and mass f l o w  
Compared 
The l i g h t  shaded a rea  ind ica tes  
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FIGURE 6-45b 
RESERVOIR CONDITIONS AND MASS FLOW REQUIRED FOR TEST SECTION DUPLICATION 
OF FLIGHT CONDITIONS, ENGINE TEST FACILITIES, DIRECT CONNECT, TURBOMACHINERY, RAMJET 
I 1-- 
wn I I ! 
I I 
I I 
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MCDONNHU AIRCRAFT 
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10,150 
14,500 
21,700 
23,c!c 
FIGURE E-45d 
INTERNATIONAL SYSTEM OF UNITS CONVERSIONS FOR RESERVOIR CONDITIONS AND MASS FLOW 
TEST SECT10 
PFessun 
4 
7 
10 
20 
40 
* 70 
100 
m 
4011 
71ro 
1,mo 
2,000 
4,000 
7.mO 
10,oM) 
ti .[)oo 
211,#10 
40,000 
DUPLICATION OF FLI( 
TernDeratrre 
OR 
450 
1350 
1800 
2250 
DO0 
32% 
35% 
4060 
4500 
4950 
5400 
5 8 9  
6300 
6753 
7Ml 
7640 
8100 
m 
O K  
250 
500 
750 
loocl 
1250 
1500 
175 0 
x30 
2250 
2500 
2750 
3000 
3250 
3500 
3750 
4 m  
4250 
45 00 
5000 
w-, 
IT CONDITIONS 
Geornetri 
kilofeet 
0 
16.4 
32.0 
49.2 
65.6 
8.9 
98.4 
114.0 
131.0 
i47.0 
164.0 
180.0 
197.0 
213.0 
229.0 
246.0 
Utitude -- 
kilometers 
U 
5 
10 
15 
20 
25 
30 
35 
46 
45 
50 
55 
@ 
i5 
70 
75 
t he  area of dupl icat ion possitLe wtth t h r  hybrid scramjct f a c i l i t y  (29 )  ar?d t h e  
darker area,  E5, as sup>lementer? by t h e  xuultirecompression heater  (E8). 
dynamic pressure l . i , a i t s  02 t h e  extreme r i g h t  s ide  of t he  f igure  ind lca tes  a reg’on 
where f l i g h t  ddplicated conditions a r e  avai lable  only on a n  impulse bas i s .  
th roa t  heLt; transfer i n  t h i s  &rea exceeds coo .ing capab i l i t i e s  , using ex is t ing  
backside, fii.r;h speed w a t e r  f i l m  cooling data .  
area represents  t k o  sirbsocic combustion inlet  p r s s u r e  l i m i t  of 150 ps i a  (103 N/cm2).  
Conversion t o  supersonic combustfoii 1s assvmed t o  occur at  Mach number 6, w i t  
minimum a l t i t u d e  (94,OOC ft;, 28.7 km) acce1e::ation t o  the  2000 psf (9.57 N/cm 
dynamic pressure l i m i t  ( see  Figure 6-15). 
conversion fac tors  for  t h e  ca l lou ts  i n  pa r t s  a ,  b ,  and c .  
The 
unshadeci trian&-ular &cIi :&ween the  ,000 psf (9.57 N/cm2) and 20G psf (0.957 N/cm 2 ) 
The 
The depression i n  t h e  cen t r a l  shaded 
a 2 
Figure 6-4% lists Inte-nat ional  System 
T i c  t r a j ec to ry  dupl icat ion dominates t h e  reservoi r  condi5ions required fo r  
t h e  er-.ginu f a c i l i t i e s ,  while t h e  engiqe size dominates t h e  overe l l  f a c i l i f g  s ize .  
An addi t ionel  consideration contr ibutes  s ign i f i can t ly  t o  t h e  cos t  of t h c  supporting 
compressor p l an t ,  r e f r ige ra t ion  p l an t ,  and exhauster systems, which can repre-  ..3tm 
75% of  the  total .  f a c i l j t y  cost .  
assunption =de i n  the  ;onceFtual developzent J f t h e s e  engine f a c i l i t i e s  w a s  t h a t  
That considerat2on i s  f a c i l i t y  ru?i time. The 
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eng:'nl-. research had t c ~  include ac tua l  inuest ie- t ions i n t o  t h e  t o t a l  engine oger- 
etic:n sl;Z u s e c l  I l fe .  
engint s r s t e .  ami ccr.For-r,ts zust  be ceveloFed t o  provide a necessary usefui l i f e .  
Z e  f z c i l i t i e s  2-e capable of priwiding suff ic ier i t  run tine so tha t  t h e  equivalent 
t o  8 FF3T schedule o r  3relixisa.x-y qua l i f ica t ion  CLR be accom3lisfied fo r  one f l i g h t  
cosZition i n  2bozt one zx i tk .  
There nay be many d i f f e r m t  f l i g h t  conGi+,:ons where t h e  
A 6 h g x m a t i c  repi*esent:-tion of t h e  engine f a c i l i t y  synthesis i s  given i n  
Figure c - L 6 .  
chzngez 3 the degree of  d-@.ls&tion or test time have a major h p a c t  on t h e  fiaal 
Zaci l i ty  cost  and c q z b i l i t y .  
Tke in te r re la t ionships  EC t he  -.w.rious inputs  are such that. sniall 
FiG!!RE 6-46 
ENGNE FACILITY SYNTHESIS 
I I 
i I 
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I 
I 
I 
I 
I 
I I 
CCiltrU 
I I 
I ! k d p s  
I I 
J- 
REPORT M3C A0013 2 OCTOBER 1970 
VOLUME 111 PART I 
6.3.2 
tericii, <he single f s c t o r  mst af fec t ing  the  engine f a c i l i t y  cancept w a s  t he  judg- 
nent concerning the  requirements fo r  engine reseF.rch. For t h e  turbonachiiery and 
r an je t  ecqines it yas consider& v i t a l  tht t h e  research prcgrams include t h e  
e p t l r e  f i l l1  s ca l e  engire. It vas also considered v i t a l  t h a t  su f f i c i en t  r u  Lme 
be provided so tha t  research 2roRrarr;s coul? include endurance of t h e  complete 
erg;ir.e systein at d i f fe ren t  f l i g h t  conditions. For t h i s  reason, su f f i c i en t  run cap- 
a b i l i t y  w a s  provided f o r  t h e  equivzlent ~f PFRT i n  one calenciar Tconth. 
T z c i l i t i e s  a r e  therefore  cont-inuous ruming f a c i l i % i e s ,  which are capzb'-e of inter-  
Kittent, cperat ion,  i f  so desired.  
a t lona l  c c s t s  tht the  er!ize f a c i l i t i e s  collld be capable of xp t o  seveL hou;-s 
operat.tioc i n  zq- t e n  h ~ u r  period. 
- O?E?A'X3L4L :!ODE PHIL'3SPFY - Other than  t h e  t r a j e c t o r y  duplicatior, c r l -  
%e engine 
It was assuned i n  the  ca lcu la t iou  o f  tkc. oger- 
For t h e  tubonzchinery engilies, t h e  f r e e  j e t  test seetior, coccegt depmts  
?'Yon; es tabl ished yrac t ice ,  but t he  d l r e c t  connect i s  sinilar t o  present test phil-- 
osophy-. The seraq le t  coavert ikle  scramjet er,gine ao&Jle test sectior, i s  a new 
cowept  IC E o 3 i f i d  d i r e c t  connect test sections.  Tor z o d l f i d  d i r e c t  connect 
t e s t i n g ,  t h e  supersonic flax- f ield ups t r em of tfie cowl o f  t h e  engine module is 
dupl ics ted I n  a nozzle s y s t m ,  permitt ing a i r  flow t z o u g h  the  engine nodule as 
ve;l &s smwd t h e  tkree sides, 9s depict& 3~10~: 
1 .1 d!.'Ay f&tloriel Cowl W a l l  Extezsion 
t o  Sinuiate  Additionai Y35aea. 
Sc rmJe t  MoZiiLe Area ( A )  
Arez cf Yozzle is 1.3 ii 
I n  t h i s  siuulatior,  scheme, t h e  u a s t r e m  supersonic flow and i n t e rna l  shock 
systems or ig ina t ing  froin t h e  c ~ w l  are duclicated.  "he bottom w a l l  of t h e  cozzle 
represents  t he  vehicle  coqres s ion  sYurf2ce, and the  flow adjacent t o  t h i s  nozzle 
ml1 enters  t he  engine module. 
f'olloved, t h e  enthalpy dis t r ihut . ion i n  t h e  w a i l  bvmdary layer  would be so d i f f e ren t  
f ron  f l i g h t  d i s t r ibu t ions  t h a t  wail hed.  t r ans fe r  and t eape ra tme  would 5e grea t ly  
reduced. 
d i f f e ren t  . 
If conventional nozzle w a l l  cooling prac t ice  i s  
A s  depicted below, t h e  e n t h l p j  d i s t r ibu t ioa  would be subs t an t i a l ly  
Y 
b .  
hW h 
5 
l. 
li' 
E- hv h 
Flight  Wztsr Cooled Nozzle 
The difference i s  due l a r p d y  t o  t h e  l a rge  amount of heat remo-fed f r o m  t h e  
bo&r,dary layer i n  the  process of cooling the  throe t .  This depleted enerey i s  not 
replaced fron the  f r e e  stieam eJergy and t h e  nozzlo bourtdary layer  i s  much colder 
thaq she corresponding f l l g h t  bowiiary l aye r ,  because the  f r e e  stre= f l o w  is ism- 
t r o p i c ,  t h a t  i s ,  constant e'itropy with no heat losses. 
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Tn order t o  provide a similar temperature i n  t h e  nozzle bounaary l aye r  enter- 
i n g  the  engize, the  csnsi-p'i; presented i n  Figures 6-47s and 6-l;?b wzs developeci. 
The t h ree  valls of the  nozz;e, whose bomdary l aye r  does not en ter  t h e  engine, aro 
conventional backside, water film cooled w a l l s  (Section h-A, Figure 6-47b). The 
b t t o n  w a l l ,  where t h e  boundary layer  en ters  t h e  engiqe m c d u l e ,  i s  an zt.t",emGt t o  
dupl icate  t'ne b i r c ra f t  ramp s t rgc tu re  and tercperatures. 
o f  the  Wach nuxber upstrean; of t h e  cow:, t h e  nozzle musi; be adjustable  througn a 
Mach nuabei r&p  of a3out 1.7 t o  5.5. (This corresgonds t o  f l i g h t  Mach numbers 
from 3 t o  13.) 
t% flow wcs sel*:cteG. as an as,vmmetric , twc-dkensional  nozzle , providirx one f ixed 
w a l l .  
nun?-%: requirements, a single jack  f l e x i b l e  p l a t e  nozzle w a s  employed. 
fir -a w a l l ,  oppr cite t h e  f l ex ib l e  nozzle, is divided i c t o  three sections.  
The th roa t  block region i s  constructed of r e f r ac t c ry  m e t d  c lad steel ,  which 
operates ai; a wall tempratwe of about 3000°R (1670OK) (SEction D-D of F i g u e  6-47b). 
Ba2kside miter f i l a  ccolirkc i s  rroaided, as f h e  heat t r a c s f e r  rate i n  t h e  th roa t  
region would pro5uce s m f a c s  teqeratures i n  excess of 3000'0 (157OOK) without 
cooling. 
as the  cross  sec t ion  area i.nczoas>p, t c  levels charar.-TSstic of t h e  vehicle.  The 
s t r u c t c r e  t r a n s i t i c n s  i n t o  an ins -da te&,  i-cfractor:. .-. wil shingle  s t ruc ture ,  ty-pical 
of  a po ten t i a l  cperation vehicle  (Section C-C ir, Fl.-. L 6-475). 
engine desigc, soEewhert ups t r cm Tf t h e  engine t k e  i n s u b t 4  strx-ixme is  termir- 
ate5 and a cryogenically cooled s t ruc5ure begins azd continues i n t o  tfie engine 
nodde  (Secticn B-B, Figure 6-47b). 
cryogenically cooled st ructure .  
f o r  the scran je t  mcdule i n  terns. of bourxiary layer  enthalpy d i s t r ibu t ion ,  surface 
cnndition, and aerothernodynamic conditioas upstream of tfie engine cowl. Water 
cooled bo i l e r  pla%e engines can also be tested v i t h  l i t t l e  modificat.ion. 
To Frovide dvpl ica t icn  
To d e  t h i s  concept p rac f i ca l ,  t h e  aerodyzamie nozzle generating 
'To provide a s i q l e  f l e x i b l e  nozzle conceDt, zonsidericg t h e  modest Mach 
The 
Downstream of t k ~  t t r o s t  region t h e  heat transfer dezreases rap id ly  
kpending  on t h e  
The e n t i r e  engine nodule i s , o f  cwrse,  a 
This concept then providez 9 r e a l i s t - i c  exironment 
.?'he operzt ional  engine nodule hardware i s  mcunted on a t h r u s t  stand i n  t h e  
test section. The external  f l o w  ar_d zozzle exp,msiorr contribGte t o  t h i s  t h r u s t  so 
t ha t  some reelism i n  tine flow external  t o  t h e  engine and i n  t h e  flow expandina 
from thc  s d u i e  should'La provided. 
i s  r e f i ec t ed  i n  the  external  l">w r,Tzzle concept downstream of t h e  sc raa j e t  test 
section. 
t h e  scramjet module e x i t  i s  provided as an expansion surfzce. A simple replaceable  
constmction i s  shown so clifferefit conixurz can be readlk?  evaluated. The external  
flow veloc i ty  and s t a + i c  pressure should be c lose ly  match& i f  reasonable exhaust 
expansion is  t o  be achieved. To p r ~ ~ i d e  ti5s mtch, a fixed coiit,cz~p, adjustable  
nozzle i r  provided on t h e  upper wall, downstrean cf t he  cowl inlet,.  This expsiiclr; 
t h e  f l o v  from t he  c o n d i t i o s  at  t h e  engine cox1 t o  near f r e e  stream values at tne 
module ex i t .  For example, zt the t r a j e c t o r y  point ,  Lach 10  at llC.000 feet  (33.5 
la), t h e  required ccnditions a re :  
A n  attempt t o  provide some degree of simulation 
A s ign i f i can t  port ion of Lite fuselage afterkody cofitour domstream of 
P = 12,500 ps ia  (8,600 U/cm2) 
0 
T3 = 6509'9 (3610°K) 
V, = 10,002 f t / s e c  (3050 n /sec)  
= .125 p s i a  (.086 N/cm 2\  J 
p, 
M, = 10 
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The aodi f ied  (Erect connect cmdi t ions  corresponding t o  the  above traject- .y 
point,  and external f l o w  fi-eld cofiditions are: 
P = 8700 psia (a00 N/cm2)  
= 6500CR (361OOK) 
0 
TO 
V, = 9730 ft /sec (2980 m/sec) 
P, = .125 p s i 8  t.086 N/cm2) 
M, = 9.5 
External f l o v  conZitions (him , V, and ?-) very c lose ly  approximating ac tua l  
The exhaust exgan- f l i g h t  conditiolis are g rwided  by t h e  ex terna l  flow nozzle. 
s ion i s  nearly tuo-dimensionsl, being res t ra ined  from lateral expansior, by t h e  
nozzle sidewalls.  This i s  most v a l i d  f o r  t h e  engine modules i n  t h e  center  of a 
cluster, and l e a c t  vel-iC f o r  f‘ne outer  inodule,c, r e su l t i ng  i n  a need t o  cc r r ec t  
t he  measure5 thrust  for laterel expansion. 
As e whole, t h i s  scamjet engine test sec t ion  prot-ides a r e l a t i v e l y  c lose  
duplication of t h e  inlet  and exhaust condi t ions,  giving a reasonable bas i s  f o r  
es tab l i sh ing  module performance , coo. 
operational l i fe .  
ng requirements , s t r u c t u r a l  i n t eg r i ty ,  and 
A feature which can add t o  t h e  el;perimental simulation i s  the  concept which 
provides f o r  t h e  ramp sLock system t2 be adjusted on e i t h e r  s i d e  of t h e  cowl l io .  
If t h e  nozzle syst-em is  t i l t e d ,  at ‘1 poir,t where t h e  shir.gled s t ruc tu re  ends and 
the  cryogenically cooled s t ruc tu re  begins on t h e  bottom w a l l  , t h e  arranqement 
presezted i n  F igme 6-48 becomes possible.  
strei ,gth of t h ree  o r  four coalesced waves f’romthe f’uselage/inlet T P ~ P S ,  but an 
increment can be established. 
be added t o  t h e  si l lulated environment. 
This one shock wave does not have t h e  
I n  t h i s  manner, an addi t iona l  degree cf reilism night  
This scramjet tes t  sect ion represented t h e  basic  experimental device t o  which 
the  various energy sources w e r e  at tached, t o  provide a range of environmentd dup- 
l i c a t i o n  consis+,ent w i t h  each faci l i ty  concept, 
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FIGURE 6-48 
ALTERNATE ARRANGEMENT OF SCRAMJET ENGINE MODULE 
TEST SECTION TO PROVIDE LIMITED LIP SHOCK SIMULATION 
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6 . 3 . 3  EXGINE FACILITY PWWGTRIC VARIATION - The c r i t e r i a  employed t o  develop t h e  
turbomachinery f a c i l i t y  design l imi ted  t h e  n-umber of parameters which could be ar- 
b i t r a r i l y  varied.  
;rhich dupliceted tl,ght conditions are provided i i i  +,he t ransoni  ' l ight regime for 
the  free jet t e s t  l e g  of E20. This f r e e  j e t  l e g  primarily pro-r'aes addi t iona l  re- 
search capabi l i ty  i n  engine/airframe in tegra t ion  invest igat ions i n  t h e  supersonic 
f l l g h t  regime. Signif icant  cos t  s . s i n g s  might be possible  by relaxing t h e  t ransonic  
duplication requirements *ere the  maximum f a c i l i t y  msss flow occurs, and engine/ 
i n l e t  in tegra t ion  prcblens a re  usually less severe. Engines used t o  define the  tur -  
-mmachinery f a c i l l t i e s  are described i n  d e t a i l  i n  Volulle V and are summnrized below: 
However, two trarleoff s tud ies  w e r e  =de ccncerning t h e  extent  t o  
Engine as given 
i n  Figure 2-13, Duct diameter 
V@lUm€! v i n  (m) 
turbo j e t  0 
turbojet  0 
t u r b o r m j  e t  
turboramjet 8 
turbofan 6p 
The scramjet engine f a c i l i t i e s  d id  permit va r i a t ion  of t h e  s i z e  of t h e  engine 
which coul2 5e  accommsdated i n  the tes t  sect ion.  
t o  es tab l i sh  the s i z e  of t h e  f a c i l i t y  and technica l  risk involved i n  ac@ring a 
capabi l i ty  t o  test a given engioe s i ze .  
no% dependent on t h e  s i z e  of r o t a t i n g  components, considerable var ia t ions  are possible.  
This preliminary analysis  w i l l  be fu r the r  re f ined  i n  Phase I11 1s 3etter de f in i t i ocs  
of engine geometric re la t ionship  a re  established. The assumptions made i n  assessing 
the engine s i zes  were based on the  geometri- arrangement shown below: 
One purpose of t h i s  - a r i a t i o n  w a s  
Since t h e  s i z e  of t h e  scramjet e n g h e  i s  
1 I - - % I  t, 
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- A c / N  - 
z’t 2 
90 
68.6 
54.0 
35.0 
-
26.7 
20 
10 
A, = 0.045 S, = geometric capture area 
- 
Ac s, Tow T i  
T P  f t 2  lb.  - 
900 20,000 1,060,0~0 i o  
480 10,70C 1,050,000 7 
270 6,000 :5?,000 5 
140 2.890 283,009 4 
80 1,780 174,900 3 
-. 
40 665 65,100 2 
-- 
10 222 21,800 1 
4 89.0 8,74n 1 
’ 1  22.2 2,180 1 
= 98 lb / f t2  (4700 N/m2) (k) TAKEOFF 
h2 I hl SE sM * S W  
.- r t !  f t  f t  f t  
2.16 4.32 38.8 3.88 7.0 
1.54 3.08 ; 27.6 3.96 6.9 ! 
1.15 2.30 20.7 4.14 7.4 
,829 1.66 14.9 3.72 7.9 
.627 1.25 11.3 3.76 ’ 8.7 
.- 
>- L- 
.373 .746 6.72 3.36 11.3 
.233 .466 4.19 4.19 1 5 . 1  
. - 0735 t s r l . 3 2  1.32 39.8 
,141 .282 2.54 2.54 23.8 
h i  = 2h2 
SE 16 < - < 20 -h2 - 
< 4.2 ft (1.28 m) % - 
h3 = 1.2h2 
63 = 13’ 
h 2 =  
One of the co&iderations i n  reducing the s i z e  of the tes t  engine is the abil- 
i t y  to maintain positive thrust .  
s ize  i s  ;educed, t h c  r a t i o  of the module surface area t o  m o d u l e  cowl srea (s ta t ion 1) 
was determined f o r  the shaded area i n  the above sketch. The fixed 30 inch ( .76 m) 
length is based on chemical kinet ic  studies as necessary f o r  the combustion of thc 
hydrogen fuel. 
shown as a constant. 
As an indicatioc of the reduction i n  thrlist as 
As t h i s  dimension i s  independent of the s ize  of the module it is  
The surface area per un i t  cowl area i s  then: 
where: N is the n-mber of modules, h2 is  thmat height i n  feet .  
As t h e  surface area increases, f r i c t i o n a l  forces reduce the net thrwt available. 
The results of this  analysis is  given i n  the following table. 
. .  
ENGLISH UNITS 
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29,600 
9,900 
3,979 
990 
2 .114 .228 2,05 I 1.02 111.3 
1 .071 .142 1.28 1.28 15.1 
1 .Ob3 .086 .745 .745 23.3 
1 .O22 I .044 ,403 .bo3 I 39.8 
m2 
83.6 
44.6 
25 1 
13.0 
-- 
-- 
7.43 
3.72 
929 
.372 
.093 
SW 
m2 
1858. 
994 9 
-- 
557. 
268. 
-- 
165 
61.8 
20.6 -- 
8.27 
2.06 
-. 
5.00 
1.86 I 
.037 I 
The s i zes  se lec ted  as var ia t ions  f o r  t h e  s c r d e t  engine research faci l i t ies  
o 
w e r e  : 
Mininum s i z e  2 15 ft2 (1.39 m2) module capture area (&I, with t h e  h2 cor- 
responding t o  the  8G f t 2  (7.43 m2) engine. This appen- t o  be t h e  smallest 
module s i z e  with a wetted area t o  cowl area r a t i o  not signii ' icantly t3ifferer.t 
than t h e  l a r g e r  engines, and gives t h e  capabi l i ty  t o  test a i'ull height ,  2/3 
width module corresgonding t o  a research s i ze  a i r c r a f t .  
ih intermediate level cor rcapnding  t o  a module capture a rea  of 45 ft2 (4.18 
m 2 ) ,  with an h2 corresponding Go t h e  270 f't2 (25.1 m2) engine. 
vides the  capabi l i ty  t o  test a full height,  2/3 width m o d G l e ,  corresponding 
t o  an intermediate s ized  operat ional  hypersonic aircrarc. 
A maximum i e v e l  corresponding t o  a m o d u l e  capture area of 90 ft2 (8.36 m2) 
caDable of t e s t i n g  a full sca le  module of a l a rge  s ized  operat ional  hyper- 
sonic  aircraft. 
o 
This pro- 
o 
These preliminar; r e s u l t s  do ind ica te  t h a t  f o r  small modules, t h e  wetted t o  
cross-sectional area r a t i o  rap id ly  increases  , probably requir ing s ign i f i can t  correc- 
t ions  t o  da ta  obtained OF smaller engine module sizes f o r  determining %ll scale 
values. 
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6.3.4 !I!HERMODYXAMIC/S~UCTURAL RESEARCH LEGS - The engine f a c i l i t i e s  a re  the  on17 
flow f a c i l i t i e s  providing the  capabi l i ty  of duplicating the  actual  f l i g h t  environ- 
ment, t h a t  i s ,  f-ee stream pressure,  temperature and f l i g h t  veloci ty .  
reason these f a c i l i t i e s  provide a source of theinodynamic research where both gas 
conditions and material  tzmperatures consistent with f l i g h t  valces a r e  obtainable, 
and a scurce of data on f u l l  scale s t ruc tu ra l  components subjected t o  a duplicated 
f l i g h t  environment. 
dynamic nozzles must be provided t o  gcnerate these flow f i e l d s .  
machinery t e s t  f a c i l i t i e s ,  the  free j e t  nozzle which i s  provided f o r  inlet-engine 
compatibility testing can a l so  be use2 f o r  them,?dynamic and s t i -uctural  research. 
For the  scramjet f a c i l i t i e s ,  a series of aerodynamic iioRzies mst Le provided, t o  
be in s t a l l ed  i n  place of the  scramjet t e s t  module. A se r i e s  ol" tvzoules cot-erir-2 
the  Mach number range from 6 throl-h 12  a re  represented i n  Figure 6-49a. 
area of these nozzles correspcnds t o  t h a t  f o r  t i e  scramjet t e s t  sect ion f o r  the  
t ra jec tory  point of i n t e r e s t ,  and therefore have the  same mass flow as the  scramjet 
tes t  section. 
The potent ia l  flow contours were based on data obtained from Reference 1 2  snd apgrou- 
imate the  actual  r e l a t ive  s i z e  of an actual  nozzle. The nozzles a re  not the  f u l l  
theore t ica l  length,  but are shortened t o  the  poir;t where the last Mach wave inter-  
sects the boundary l a y e r  edge, as indicated: 
For t h i s  
To provifo t h i s  aerothermodynamic t e s t ing  capabi l i ty ,  aerc- 
For the  turbo- 
The throa t  
The nozzle area r a t i o  i s  f o r  real  gas flows as given i n  Reference 14 .  
Practical Lesgth 
I Thewetical Length 
The boundary layer  ;->Yrections used f o r  these nozzles are based on data  
obtained i n  the McDr;nnPh Aircraf t  Company's Hypervelocity Inpulse Tunnel, and are 
published i n  Reference :-3, 
1 ihrough 17 p a r a l l e l  f l o w .  
20,000 ps i a  (13,000 N/cm2) with p a r a l l e l  flow. 
layer  thickness are: 
- ' s  correction has b?en used t o  construct a Mach number 
,le which operates up t o  temperature 5000°K, and 
The equations f o r  the  exi5 boundary 
wLere: ReL is  t.1. 
length k,om ':e source point t o  the  theo re t i ca l  nozzle exit .  
free stream u n i t  Reynolds number multiplied by the  nozzle 
MCWNNELL ALIRCRAFT 
6-113 
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FIGURE 6-49a 
AXISYMMETRIC AERO NOZZLES FOR ENSINE TEST FACILITIES, E8 and €9, 
TO PROVIDE STRUCTURAL AND THERMODYNAMIC iESTLNG CAPABILITY 
d 
i Dpd = Iliameter of Potential Flow Core at NGZZIC Exi! 
2 DVel = Diameter d W t a n t  Velocity Core at Nozzle E:i! 
REPORT MDC Awl3  0 2 OCTr33ER 1970 
VOLUME I l l  0 PART i 
therefore, if % is the diemeter of the potential  flow core, then the exit diazeter 
of the nozzle is: 
%: = Dp + 26s 
The ckiameter of the c0nsta.t  velocity core is  then: 
6.3-3  
6.3-4 
Because the f l i gh t  uni t  ReynoUs nnbe r  is duplicate&, any model tests w i l l  be less 
than the full  scale Reynolds number by the model scale. 
have 2% of the f u l l  scale Reynolds number. Hok-ever, for 8 f u l l  scale stnictural  cem- 
poneDt, the f u l l  scale Reynolds number r i l1i .e duplicate<, as based on the dimensions 
of the coniponent. For a full scale leadiEg ecige CoEponent, the f l i gh t  conditions and 
Reynolds number are dGplicated. 
the Reynolds number simulation is  l o w  as shown in Figme 49b. 
That is, a 25 moiiel w i l l  
B a s e l  on the g- dynami-s c r i t e r i a  for  model s ize ,  
Figure 6-50 shows the complete scramjet test leg, minx the enthalpy source. 
The themodyllamic t e s t  leg can be instal led between the  fixed portion of the sabsonic 
diffuser on the r ight  h a d  side of the drawing, a d  the enthalpy sourc6 OG the left 
haad side of the drawing. !The t e s t  section i s  ma-ed la te ra l ly ,  while the piping is  
l i f t e d  out by c r a e  and stored in an adjacent mez.  
ally moved in on rails, with t h e  nozzle and diffuser section l i f t e d  in by crane, 
using the same supports as for the  scramjet leg,  as depicted i n  Figure 6-52. 
test cabin can be translated axially t o  accommodate the Mach 6 through Mach 12  noz- 
zles, as depicted in i ts  extreme positions. 
!%e t e s t  cablr? 3 s  then La-ter- 
The 
This system provides the largest  wind tunnel of i t s  kind capable of f l ight  
duplicated conditions t o  Mach number 12. 
about 2.5 percent of the total facility cost, but doubles its u t i l i t y  and research 
value. 
The cost of the  noxzle/diffuser system is  
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FIGURE 6-50 
SCRAMJET, CONVERTIBLE SCRAMJET ENGINE MODULE TEST FACILITY LEG, 
CONFIGURED TO ACCEPT AERODYNAMIC NOZZLES FOR THERO!STRUCTURAL TESTING 
Sxamjet Test Section. See 
Fikwt 6-47 fa Details 
MCOONNELL AIRCRAFT 
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REPORT I 
\ 
STRUCTURAL TEST LEG 
HEATER AND PUMPING SYST 
MACH 12, FROM 140, 
Caoled, Supersonic Diffuser i" 
1 L------== 
STRUCTURAL TEST LEG UTILIZING SCRAMJET ENGINE TEST F,ICILITY 
HEATER AND PUMPING SYSTEM, DUPLICATED VELOCITY AND ALTlTSgE FOR 
MCH 6, FROM 90,003 TO 140, 000 FT (27 TO 42 km) 
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Water Cooled 
Subsonic Diffuser 
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Mach 12 Nouk 
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(U) FIGURE 6-51 
STRUCTURAL TEST LEG UTILIZING SCRAMJET ENGINE TEST FACILITY 
HEATER AND PUMPING SYSTEM DUPLICATED VELOCITY AND ALTITUDE FOR 
MACH 12, FROM 140, 000 TO 160,000 F T  ALTITUDE (42 TO 49 km) 
Water 
ZILITY 
TUDE FOR 
Water Cooled f Adapter Section 1 I 
! 
Diffuser Section from M a c h  12 
Nozzle Installa!!sli 
(Fird Section) 
.- 
I 
150 Fee! 
I 
50 Nleters 
I 
60 Meters 
200 Feet 
I 
70 hkte 
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6.3.5 PRIME MOVER POWER DENSITY - I n  considering primary dr ive systems f o r  very 
la rge  shaft power requirements, two fac tors  dominatea prime mover select ion.  Sne 
w a s  t he  t o t a l  sha f t  power requirea on a s ingle  drive t r a i n ,  t he  second w a s  t h e  
requirement f o r  v u i a b l e  sha f t  speed during f a c i l i t y  operation. The f a c i l i t y  
which presented the  most challengir,g task i n  the  de f in i t i on  of t h e  dr ive system 
was the  scramjet engine module engine f a z i l i t y  using the  multirecompresslon heater  
ccncept (E8). This i s  spec i f i ca l ly  discussed i n  Section 6.3.8. 
consfderations of t he  energy density of t he  prime movers are discussed i n  t h i s  
sec t ion .  
The imre general  
Figure 6-52 provides a s i z e  comparison of some of t h e  la-rgest  equipment avail- 
able based on ex is t ing  capabi l i ty .  
Corporation w a s  used as a source of technica l  ir?fmmation concerning e l e c t r i c  
motors. 
be provided through development of a design fo r  a spec i f i c  appl icat ion.  
synchronous motors depicted represent t h e  l a rges t  Eizes on which engineering da ta  
i s  avai lable  without spec i f i c  design programs. These two motors are given at t h e i r  
nominal design sower based on frame s i ze  as w e l l  as a maximum del ivered power capa- 
b i l i t y .  
t he  nominal 184,000 kW drive supplied f o r  t he  AhDC 16s and 1 6 ~  propulsion wind 
tunnels.  The motors can be i n s t a l l e d  i n  an in- l ine i n s t a l l a t i o n ,  where no gearing 
i s  required t o  provide l a rge  shaf t  powers. 
f a c i l i t y  E8, t he  capabi l i ty  of assembling la rge  shaf t  powers i s  severly l imited.  
The Apparatus Diviston of t he  Westinghouse 
I n  t h e i r  opinion, s ing le  motors 1.q t o  100,000 horsepower (74,600 kW) could 
The two 
This estimate w a s  obtained from Westinghouse using t h e i r  experience with 
Where gearing is  required,  such as on 
Discussions with M r .  Harold Kron, Chief Engineer at t h e  Philadelphia Gear 
Company, Incorporated, resu l ted  i n  es tab l i sh ing  a l i m i t  t o  t h e  current  experience 
i n  gearing f o r  p a r a l l e l  and CTOSS shaf t ing.  These limits were: 
19,000 kW f o r  cross shaf t ing  h e l i c a l  gears ( r i g h t  angle dr ives)  
45,000 kW f o r  p a r a l l e l  shaf t ing  h e l i c a l  gea:-s. 
For these l i m i t s ,  we  could not a t  t h i s  time obtain a cos t  estimate f o r  such gearing. 
I n  Phase I11 with b e t t e r  def in i t ions  of t h e  loads,  t h i s  may be possible .  
Another f ac to r  r e l a t i n g  t o  t h e  synchronous motor drives i s  t h a t  t h e  ro t a t iona l  
speed i s  constant based on the  60 cycle a l t e r n a t i r g  current  power avai lable  i n  the  
United Stzttps* Three standard speeds w a i l a b l e  are 900, lC00, and 3600 rpm. 
many applications a continuous va r i a t ion  i n  ro t a t iona l  speed is  required f o r  
f a c i l i t y  operat ion. 
For 
Because of t he  power levels under consideration i n  t h i s  study, no type of gear- 
ing 's feas ib le .  Operating a synchrorious motor out of synchronization r e s u l t s  i n  a 
very la rge  increase i n  power f ac to r  plus the  loss of precise  speed c o n t r d .  "he 
s t a r t i n g  current  f o r  a synchronous motor i s  about 6 times i t s  running load. 
e r ing  t h a t  some of t he  proposed f a c i l i t i e s  would require  from one-third t o  two-thirds 
of t he  peak power of some of  t h e  l a rges t  power pools i n  t h e  United S ta t e s ,  such 
s t a r t i n g  conditions are impossible t o  accommodate. The motors would have t o  be 
brought up t o  synchronous speed before t h e  f i e l d  current could be applied. To pro- 
vide the  var iab le  speed drives using t he  synchronous motors (which, i n  most cases,  
a re  necessary t o  maintain ro t a t iona l  speed accuracy) a var i8ble  frequency generator 
driven by a wound ro tor  motor assembled as a motor generator set  cont ro l l ing  a syn- 
chronous motor would have t o  be provided, i f  t echnica l ly  f eas ib l e  f o r  these powers. 
Consid- 
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Ificluding inecf ic iencies  i n  pawer transmission and equipment e f f i c i enc ie s ,  about 
318,000 kilowatts of e l e c t r i c a l  motor and generators (100,000 kW syncrironous motor, 
106,000 kW variable  frequency generator, 112,000 kk' wound ro tor  motor) a r e  required 
t o  supply 100,000 kW of sha f t  power. 
t i o n  capabi l i ty  i s  probably marginal. 
Such a system is very ccjstly and i ts  accelera- 
An a l t e rna te  approach i s  t o  u t i l i z e  gas t n b i n e  dr ive systems using f r e e  
turbine power takeoff .  
engine designs. The P r a t t  and Whitney FT4A system i s  based on t h e  JT4 a i r c r a f t  
tu rboje t  engine. A number of d i f f e ren t  dash number i n s t a l l a t i o n s  a r e  avai1ab'I.e 
from 21,OOC kW t o  24,000 kW. 
able  from the General E lec t r i c  Company based on t h e  core engine of t h e  TF-39 turbo- 
fan engine. It i s  of s i m i l a r  s i z e  and i s  capable of dzl-  e r ing  19,500 kW, and i s  
denoted as LM2500. The arrangement using the  supersonic t ranspor t  engine, t h e  Gen- 
eral  E lec t r i c  GE 4/J5P, i s n o t  current ly  avai lable  as shown f o r  ground power usage. 
This engine has t h e  l a rges t  gas genera+,or xass flow (633 lb/sec - 193 lsg/sec) of any 
engine available i n  the  United S ta tes .  Based on 5.iscussions with General Elec t r ic ,  
such a system as proposed i n  Figure 6-52 i s  feas ib le .  Multiple engine drives 
(Figure 6-52) provide a source of very la rge  shaft  powers, capable of var iab le  ro- 
t a t i o n a l  speeds, w i t h  Ymli exter ior  envelopes. For t h e  la rge  ground research fa- 
c i l i t i e s  of t h i s  study, t h i s  method appeam t o  be the only technique of providing 
a var iab le  speed drj-;e, with no gearing, at a reasonable cos t .  
Depicted i n  Figure 6-52 a re  four sys t em based on current  
A similar ground power i n s t a l l a t i o n  system is  av:.'l- 
A 43,000 kW ground gas turbine dr ive  i s  avai lable  from General E lec t r i c  as t h e  
GE se r i e s  7000 system, which has growth po ten t i a l  t o  52,OOO kW. This system is  not 
an a i r c r a f t  conversion as t h e  other gas turb ine  systems are, but a d i r ec t  drive sys- 
tem spec i f ica l ly  designed f o r  e l e c t r i c a l  power generation. It i s  not depicted i n  
Figure 6-52, because i t s  d i r e c t  dr ive design (compressor and power output shaf t  tu-- 
bine coupled) a re  more applicable t o  constant speed operation than the  f r e e  turbine 
concept. 
The prime mover cost  estimates f o r  Phase I1 were f o r  synchronous motors u t i l i z -  
ing purchased power. 
de f in i t e  cost  advantage o r  where space precluded t h e  volume associated with lower 
power density e l e c t r i c  motors. 
ground f a c i l i t y  requirements as an a l t e rna t ive  t o  e l e c t r i c  xiotor dr ive using an 
e l e c t r i c  u t i l i t y  company suppl ier .  The ease of obtaining l a rge  increments of 
power without having t o  consider ne tmrk  loads,  energy alxorpt ion capacity i n  t h e  
event of a f a i lu re ,  operational times r e s t r i c t e d  t o  off-peak hours, and demand 
charges make gas turbines  a t t r a c t i v e  power sources. 
c a l  power i s  necessary and gas turbines  are used t o  dr ive  e l e c t r i c a l  generating 
equipment, as discussed i n  Section 6.1.5. 
a r e  a i r c r a f t  tu rboje t  engines with f r ee  turb ine  shaft d r ives ,  with one exception, 
t he  General E lec t r i c  Ser ies  7000 System, which i s  a d i r e c t  dr ive system spec i f i ca l ly  
designed f o r  ground appl icat ion.  These engines have been used fo r  a number of years 
fo r  ground i n s t a l l a t i o n s ,  except t he  GE b/J5P. The engines used t o  develop t h e  cost. 
re la t ionship  i n  Figure 6-10, v i t h  t h e i r  performance, are given i n  t h e  following l i s t -  
ings.  
G a s  turbine drives were used whenever they became e i t h e r  a 
G a s  tu rb ine  prime movers we being considered f o r  a l l  
This i s  even t r u e  when e l e c t r i -  
The engines used t o  provide ground power 
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FIGURE 6-52 
REPRESENTATIVE SIZES 3F LARGE SHAFT HORSEPOWER SOURCES 
Direct Drive Industria; Gas 'turbine 
n n-n 
GE HIS 7000 43,000 kW 
Gi?s Turbine Drive 
L I  I I I 
0 5 !O 25 50 
Feet 
L I I 
0 10 
Meters 
Free Turbine, Aviation Gas Turbines, Single Engine 
Free 
GE4 f Turbine 1 
n 
I 
82. ow1 kW G E4 /J 5 P 
Gi?s Turbine Drive 
22,000 kW PLW FT4A 
;as Turbine Drive 
GE 4/\ 
2 - GE4 160,000 kW Drivt 
Synchronous Electric Motori 
4a,OOO kW Mator Frame 
Up to 65,000 kW Delivered 
34,OOO kW M o b  Frame 
Up to 48,W kW Delivered 
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234 
248 
261 
P ra t t  and Mitney Aircraf t  - Turbvpower ana iviarine Eept. 
- ~ ~ k i - 2  Ens% 
-- - - 
ds t i n i a k  ec: 
Ekhauc t 
Rat i n  t;s Free I Free . E s t .  SFC 
Turbine Turbine Fuel TAV* 
Power 
rpm lb bg 
hp-hr !d-hr 
Normal 
.286 855 458 
Based on 14.7 ps i a  @ 80°F i n l e t  conditicns (10.2 N/cm2 @ 26.7'~) 
106 
113 
. iig 
Ss timated 
Exhaust 
GELS 
MESS FLOW 
lb /sec  kg/sec 
- 
I 
I 
Ratings Free 
P x b i n e  
Power 
-- 
E s t .  SFC Estimated Estimated 
Fdel LHV Exhaust Exhaust 
G S  Gas I ??re e Tcrbine Speea , 18,500 Etu/lb 
*LVV - lower he&ting value f o r  fue l  
Temp I (43,000 J/g) Mass Flow 
I 
1 I hF I kv 
Norial 
Max Continuous 
K a x  Intermit tent  
29,950 22,300 
30 , 200 22,500 
31,500 23,500 
3600 .49 .299 770 410 2 P  118 22
3600 .kg .299 1340 $4 
3600 .49 .299 817 437 
! I 
Horsepower rati i lgs based on 59OF and l eve l  pressure 14.7 psia with no i n l e t  or  
exhaust &uct losses  (1jor and 10 .2  N/cm2) 
FT4A-6 Engine 
I Ratings F'ree 
Turbine 
Power 
Nomal 20,400 15,200 
Max Continuous 24,130 18,000 
b!ax Intermit tent  !28,300 21,100 
! 
I 
FTee I E s t .  SFC Estimated 
Tur3inel %l.el LHV Exhaust 
18 , 5210 Btu/lb Gas Speedl (43,000 J /g )  Temp 
I 
3600 .525 
3600 s i o  
, 3600 .5VO 
I 1 I 
.32 720 382 
.305 828 442 
.5 i  ,311 767 k08 
I 
Estimated 
Exhaust 
GPS 
Xass Flow I 
I 
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Ratings 
Eesed on 14.7 p s i a  @ 80°F i n l e t  conditions (10.2 N / c d  @ 26.7OC) 
E s t .  SFC 1 Estinated Estimated 
Fuel LHV Exhaust FExhaust I Free Free %bine Turbine Power i 
L 
3-e b a d  23,70c i5,400 
Pzaking 24,000 1&,300 
FT4A-SGF Engine (gaseous fuel) 
GEE3 G a s  
(43,000 J/g! Temp 1 4 ~ s  Flow - 
SpeeC 18,500 Btu/lb 
r P m  - lb kg 
h t p h r  kW-hr 
3600 .50: ,308 735 390 
36CO I .475 
!-!ax Pe'aklng 
Based on 14.2 ps i a  B 80°F ccnditions (9.8 N/cm2 @ 26.7OC) 
A re la ted  ergine,  FThA-8DF, may use l i q u i d  or gaseous fuel iilterchangeably. 
28,ogc 21,600 I 36ca .47c 
I 
Ratings Free Free Est. SFC Estimated Estimated 
Turbine Fuel LHV Exhaust Zxhaust 
Power Speed 20,650 Btu/lb Gas Gas 
(47,800 J/g) Temp Mass Flow 
hp kW r p m  1h kg OF . OC I kW-fir I !0,700 15,400 3600 .45C .274 735 390 Base Load 
F-aking -3,6gO 18,300 3600 .425 .259 
Ib/sec kg/sec 
222 101 
107 23 5 
248 113 
Marine 6ocr Ambient 80°F Ambient 
Ratir-1 Temperature (15.6'~) Tenperature ( 2 6 . 7 O C )  
Power SFC Power SFC 
100°F Ambient 
TemperLture (3?. 8Oc) 
Power SFC 
l b  kg I 
hP kW hp-b  kW-hr 
A 26,200 19,500 .339 .243 
B 25,200 18,800 .3j& ,242 
C 23,500 17,500 ,400 .244 
D 21,500 16,000! ,405 .247 
lb 
kW hp-hr kW-hr 
. - ;.:,600 13,900 .42: ,259 
24,700 IC IO .401 .2&4 22,500 16,800 .4CS ,250 
23,400 l ' r  ,100 .bo3 -246 .?0,900 15,600 .k15 .253 
20,900 15,600 .IC'- 
18,900 14-E * '  . - !i6,600 12,400 .A38 .267 
I .  
hp kW h p - b  kW-hr hp 
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Ceneral Electric Compmy, Heavy Duty Indus t r ia l  Gas Turbine k p t .  
GE Series 7000 
57,000 shp (42,500 kW) @ 3600 rpm, growth potential  t o  70,000 shp (52,100 kk) 
Simple, s t ra ight  through machine requires 9800 Btu/hp-hour (13,860,000 J/kW-hr) 
Regenerative cycle niachine requires 7400 Btdhp-hour (1C ,4?0,000 J/W-hr) 
fuel input, costs $2,900,000. 
fael input , costs $3 , 500,000. 
Industrial  design, rot based on aircraf t  engine. 
General Electric Company, Aircraft Engine Division 
3 2  4/J5F 
110,000 shp (82,000 kW), 633 17;lsec (288 kg/sec! e x i n e  mass flow 
More data will be obtained on the basic performance of the G54 engine. The 
engine performance when used i n  a gromd power application w a s  detemined by scaling 
UP500 (TF-35) data. 
specific %el consmption w i l l  be higher than for the  TF-39 core engine because of 
a lower conrGressor pressure r a t io .  
According t o  GE, this approach i s  valid,  except t ha t  the 
To min in ize  mo6ification t o  the basic a i rc raf t  engine, t’oe ground instal la t ion 
The free turbine could be a specially designed uni t ,  or be a commercial unit  
u t i l i zes  tice engine as a ges generator drS.ving a free turbine, as shown i n  Figure 
6-53. 
such as a Worthington El? 224 twin exhaust expander turbine. Us:% such i n s t a l l a -  
t ions,  shaft  FQvers from 20,000 t o  220,000 horsepower (i4,gOO t o  164,900 kW) are 
evailable as single o r  dual units. 
There are a large number of these instal ls t ions i n  use throughout the United 
States. Data from F’ratt & Wt.litne,v shows a t o t a l  of 464 units delivered with a 
t o t a l  cr‘ l,l92,XLO operational hours accumulated. 
consist of eight FT4A engines driving four twin enander t u b i n e s  on a single shaft. 
Considering the 30,000 hour overhaul l i f e ,  this appears t o  be 8 very feasi’ole 
w n e r  of  combining eryines without sacrificing operhtionai efficiency. 
Some of the  operational units 
An approximate S-J of the normalized performazcc of these engines 8s taken 
fi-om the engine brochures is  preseated in Figure 6-54. 
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6.3.6 DIRECT COiMECT TURBC\HACHIRERY TEST FACILITY (E6) - This f ac i l i t y  is d2sigr.ed 
for performance and PFRT test ing 011 full scale turbojet, turbofan, tur'Soramjet, and 
ramjet englnes using the direct  connect t e s t  mcde on a continuous basis. 
the engine test  leg are shorn i n  Figure 6-55 and a schematic of the ent i re  system 
is  shown i q  Figure 6-56. 
Petails  of 
ihc ;sci l i ty  was  specified t o  provide full f l i gh t  duplication throughout the 
f l ight  Mach range of 3.3 t o  5.5, as exmpiified by Figure 6-45, for  f u l l  scaie 
engines. %cause of this specification, there w e r e  no size/capability studies 
required, the  main requireuent being tha t  the f ac i l i t y  test leg be sized t o  be able 
t o  accomoute the largest  advanced technology engines, i n  terns of t e s t  ce l l  s i ze ,  
thrust  cagability, and m e s s  flow, t'aat regresent curreut engine sizes. Ziese 
engines :+re typified by engines 8 , @ , 0 , and @ i n  Volume V. k m a s s  <lor 
schedule based on engine 0 has been used t o  deterninc the f ac i l i t y  requiraents  
'Ihis schedule w i l l  be increased i n  the Phase I11 stvdy t o  account 
for  projected growth versions of engine, consistent w i t h  the requiremeats of the 
potential operational hypersonic aircraf't. 
handle engines up t o  90 i n  (2.3 m) diameter, and w i l l  probably not significantly 
change i n  the Phase I11 re f inaent .  
Phase 11. 
The test  c e l l  s ize  25 specified now w i l l  
Direct connect testing has been chosen for t h i s  f ac i l i t y  because it represents 
In t h i s  t e s t  mode, t he  the lowest cost method of obtainicg continuous testing. 
engine is  connected directly t o  a subsonic duct, or  bellmouth, which provides the 
engine w i t h  the correct flow rate at tine duct stagnation pressure and temperature 
whf-ch would %Xist i n  the aircraf t  i n l e t  Auct after the flow had been dccelerated 
t o  a subsonic Mach number. The cost of this method i s  less than tha t  of f ree  j e t  
tes t ing becauEe much lower maximum f ac i l i t y  stagnation pressures are required, and 
only the mass flow actually needed t o  go through the engine i s  provided. 
reduced cost i z  obtained at the expense of f u l l  similitude of dynamic conditions 
i n  the flow proviLd t o  the ergi2e. These dynamic factors affect  inlet  duct/engine 
ccmpatibility and are typified by tin? variant pressure rocovery, ten;perature and 
pressure distortion, and turbulence. These can be best evaluated i n  free j e t  tes t -  
ing of the  inlet/engine combination throughout the f u l l  f l ight  trajectory and angle 
of attack r-e. 
system can be done by tes t ing largs scale wind tunnel in le t  models ar,d the s t a t i c  
distortions measured can then be produed by distortion screens in  the direct  
connect f ac i l i t y  . 
This 
Evaluation of s t a t i c  flow distortions produced by the in le t  duct 
Addi-ticnal ab i l i t y  t o  prcvide some time variant distortions and correct 
boundary layers can be obtained by using the E6 f ac i l i t y  with a wo-dimensicnal, 
single jack, f lexible plate, low Mach number nozzle in place of a subsonic bell- 
mouth. This i s  the modified direct  mode of tes t ing,  wherein a low supersonic 
Hach number flow i s  provided t o  a portion of the actual airplane duct system which 
then feeds the engine. The ent i re  duct system i s  used, from jus t  forward of the 
auct thrat t o  the engine. I n  t h i s  manner, a better representation of the effects 
of actual duct contours and wall temperature on the flow velocity profile and 
boundary layer growth i s  obtained, as well as sono simulation of the time variant 
parmeters. 
The continuous air heater presents a significant design and operational problem 
Supplying nearly 1000 l;>m/sec (454 kg/sec) of air at temperatures of 2500'R (1.390'K) 
on a continuous bas% represents quite a challenge t o  the state-of-the-art. The 
(Page 6-128 i s  Blank) MCDONNRXL AIRCRAFT 
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FIGURE 6-55 
E6 TURBOMACHINERY, DIRECT CONNECT ENGINE TEST FACILITY 
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FIGURE 6-56 
SCHEMATIC LAYOUT OF E6 DIRECT CONNECT TURBOMACHINERY TEST FAClLiTY 
Letad: 
1 O i m t  Connect T&. Lcg 
2 WlttrSpray 
5 bhke ad Exhaust Toms 
4 Refri(afim Plat 
5 C ~ c z s o r p l n t  
heater concept w i l l  be fu r the r  re f ined  i n  Phase I11 when the  l e v e l  of d e t a i l  i s  
su f f i c i en t  t o  determine major a l te rna t ives  and design problems. A major l imi t a t ion  
of e l e c t r i c  res i s tance  he;ters i s  t h a t  physical  contact must be m a d e  with each 
heater  element t o  provide the  e l e c t r i c a l  connection. @ne cmcept  which avoids t h i s  
l imi ta t ion  i s  the  induction hea ter  concept where the  current is induced i n t o  the  
heater  mtrix. Experience from s t e e l  n i l1  b i l l e t  heaters  and t h e  NASA L e w i s  induc- 
t i v e l y  heated graphi te  heater a t  Plumbrook s h a l l  provide a base t o  evaluate spec i f i c  
appi icat ions.  
Another major consideration is t h e  hea ter  element matrix meterial and Configura- 
t i on .  
t.emperature distrLbution during heat-up and provide good heat t r a n s f e r  from the  
matrix t o  t h e  a i r .  Conventional high a f l u f  s t e a l s  could probably be used up t o  
1800 t o  2000°R (1000 t o  l l O O ° K ) .  
materials such as T.D. Eickel,  Molybdenum, o r  columbium would be necessary. 
5.3.6.1 
specif icat ions of  t h e  E6 d i r e c t  connect f a c i l i t y .  
f led ,  as there  were no d i f f e ren t  size or  yerformance f a c i l i t i e s  chosen. 
sect ion of t h e  tab le  deals with a gross descr ipt ion of per t inent  paranaeters. The 
second sec t ion  shows the  Mach number/altitude performance of the t e s t  sect ion and 
the stagnation conditions required t o  achieve t h i s  performance. 
The matrix configuration should be such t o  ensure a reasonably uniform 
To attain 2500°F (1390OK) hovever, super a l l o y  
Specfficatlons - The following t ab le  presents t h e  physical and operating 
Only a s ingle  f a c i l i t y  is speci- 
The f i r s t  
The t h i r d  sec t ion  
MCVONNRU AIACAIFT 
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2.: 
- 
' 5  
1.0 
1.2 
ln7 
2.0 
2.5 
F 
I 3.0 
.> 
, 3'5 
4 * 5  
5*0  
5*5  
s t ~ w s  some of the  specif icat ions of t h e  systtm components necessary t o  provide the  
m a s s  flow and stagnatlon pressure and temperature. 
3 I 'Z To (OK) lbmjsec (kg/sec) k f t  (km) psia (N/ezz2) 
0 (0  15.65 (10.8 528 (293 ) 680 (308 
18 (5 .5 1 7.2 (4.97 1 462 (256 ) 100 (45.41 
0 0 17.45 (12.03) 5 302 820 (372 
0 ( 0  1 27.9 (19.2 ) 622 (146 1 1160 (527 
c ( 0  1 35.2 (24.3 668 (371 ) 1300 (590 
21 . J+ 31.2 (21.5 ) 700 (289 ) 1300 (590 
27 (8.24 1 37.4 (25.8 ) 760 (422 ) n o @  (590 
37 (11.3 50.0 (34.5 ) I 880 (489 ) 1300 (590 ) 
Alti+,u&e p"0 
30 t9.15 ! 4.8 (3.31 4:; I240 100 (45.4) I 
68 1620.7 3.1 ( 2 . l b  ) 616 (542 ) 100 (454 1 
48 (14.65) 3.1 (2.14 ) $68 (260 ) 100 (45.4) , 
55 (16.8 1 2.95 (1.96 505 (281 ) 100 (45.4) 
75 (22.9 3.5 (2.41 710 (394 100 (45.4) 
a5 (25.9 1 1.5 (3 .1  1 I 900 (500 100 (45;4) 
93 (28.4 ) 6.1 (4.2 ) I L'i2C ( / -?  1 t 100 (45.4) 
51 (15.56) io8 (74.5 j 1300 :;'X ' 1300 (590 1 
(45 '4)  
56 (17.1 ) 150 (103.5) J.Ga.2 (>+>\I 1 1190 (494 1 
105 (32.0 ) 10.2 (7.03 ) i;zs-.jpT 1 100 (45.4) 
65 (19.8 1 150 (103.5) 135n 11028) 1070 (485 ) 
111 (33.8 11.6 (8.0 ) 2054 (1136) 100 (45.4) 
116 (35.4 ) 14.4 (9.93 2350 (1306) 100 (45.4) . 
8 25 * 150 103.5) 2530 (1390 760 (345 1 
I 44 (13.4 74.5 (51.3 ) I  I.CrSO '690 I 1300 (593 1 '- 
100 (30.5 ) 8.1 (5.58 I -22%..+p;,+L 1 -  100 
75 (22.9 150 (103.5) 2200 (1222) 920 (418 ) 
l:O t36-2  ! 16.7 111.5 2750 (1528; 100 (45.4) 
o Test Ieg Description 
I4aximum Engine I n l e t  Diameter 
Xax imum Engine Length 
b'kximum Engine Thrust 
Mach ?Tuber Range 
Altitude Rmge 
Staghation Pressure R a g e  
Stagnatioii Temperature Range 
&ss Flog Range 
Run Time 
o T e s t  Section Performame 
90 in .  (2.4 m) 
50 ft. (15 m) 
190,000 lb .  (444,800 I?) 
0 .3  t o  5.5 
0 t o  120 k f t  (0 t o  36 ku) 
3 t o  150 psia ( 2  t o  103 X/cm*) 
432 t o  2500'R (240 t o  14OOOK) 
100 t o  1300 lbm/sec (45 t o  590 kg/sec) 
Contir;uous 
'Stagnation pressure required at each Mach number is based on t h e  highest  recovery 
fac tor  l i k e l y  f o r  t y p i c a l  i n l e t  s y s t m s  f o r  t h e  low a l t i t u d e  condition, and on t h e  
lowest recovery f ac to r  l i k e l y  for  t h e  high a l t i t u d e  condition, thus givLng t h e  widest 
range of Po fo r  each Mach nmber .  
MCIIOIVIYRU A#- 
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o System Component Spec i f  i c a t  ions 
Compressor Plant:  (Fricticna; losses  in diStributi.cn piping were calculatzd 
t o  f ind t h e  minimum compressor pressure r e q u i r s e n t  a t  each test c m d i t i a n ) .  
Maximixu Throughput = 1,020,000 scfm at 116 ps ia  
= (28,900 m3/min) a t  (80 N/cm*) 
Maximum Pressure = 157 ps ia  at  935,000 scfm 
(108.2 N/c$) at (26,500 m3/Illin) 
Maximum power needed is 600 MW at 1900'F (1038OC) Elec t r i c  Heatc:.: 
Refrigeration Plant:  M a x i m m  r e f r ige ra t ion  i s  needed at t he  M = . 3 ,  
Z = 18 k f t  point  i s  2240 tons* (7820 kW) 
* Corresponds t o  the  cooling capacity of one ton (905 kg) of i c e  melting i n  one 
day which i s  defined as 12,000 Btu/hr (12,7CO kW) 
These specif icat ions describe the  E6 f a c i l i t y  as it i s  current ly  defined, for 
ex i s t ing  engine concepts. 
of t he  mass flow requirements of advanced engines w i l l  be obtained and t h i s  m a y  
result i n  a redef in i t ion  of t h e  compressor and hea ter  specif icat ions.  
4s previousl?; mentioned, i n  Phase 111, a b e t t e r  project ion 
6.3.6.2 
the  costs  estimated f o r  each of t h e  f a c i l i t y  components. 
the  methods discussed i n  Section 6.1. 
Fac i l i t y  Coponent and Cost Summary - Figure 6-57 shows a compilation of  
E s t i m a t e s  were made by 
The m a s t  informative p ic ture  of t he  costs  i s  presented i n  t h e  "pie" cha r t s ,  
vhich reveal  graphically t h e  r e l a t i v e  proportions of each f a c i l i t y  element t o  t h e  
t o t a l  cost .  
de f in i t i on  and cost  estimating i n  Phase 111. The two East c r i t i c a l  elements are 
the  compressor p l an t  and t h e  e l e c t r i c  h e c t e r ,  t h e  capab i l i t i e s  and cos t  o f  which 
are d i r e c t l y  proport ional  t o  t he  f a c i l i t y  mass flow. 
cost  o f  these two item f o r  Phase I1 are based on max imum flow r a t e  f o r  the compressor, 
and on power f o r  tile hea te r ,  but  bi Phase I11 cost  estimates w i l l  be obtainea from 
manufacturers of these items. 
"he l a rges t  cos t  elements are those which are most amenable t o  b e t t e r  
The methods of estimating the  
Since the  compressor costs  a re  so l a rge ,  a nethod of reducing t h e  ove ra l l  
f a c i l i t y  cost  would be t o  in tegra te  t h i s  tes5 l e g  w i t h  ex i s t ing  engine test f a c i l i -  
t i es  and t o  add only an incremznt of compressor capabi l i ty .  This w i l l  be studied 
i n  Phase I11 as an important f ac to r  i n  s i t e  se lec t ion  c r i t e r i a  f o r  ~ 6 ,  i f  ex is t ing  
p lan ts  of suf f ic ien t  magnitucie i n  volume flow are  avai lable  t o  use as a base. 
6.3.6.3 Development Assessmen& - This f a c i l i t y  i s  v e q  siroilar t o  sore of  t he  
a l t i t u d e  t e s t  c e l l s  located at  AEDC, d i f f e r ing  primarily i n  the  f a c t  t h a t  it i s  
designed t o  provide fix2.l p iessure  and temperature dupl icat ion throughout t h e  
f m i l i t y  Xach number range. 
r e f r ige ra t ion  requirements t h a t  are much greater than avai lable  a t  exi s t i n g  
f a c i l i t i e s ,  
This f ac to r  t r ans l a t e s  ir-to comprezsor, hea t e r ,  and 
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FIGURE &57a 
E6 FACILITY COMPONENT AND COST SUMMARY 
Fac i l i t y  Component 
1. DIRECT CONNECT ENGINE TEST LEG 
1.1 
1.2 
1 . 3  
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
i . lo  
Sub Total  
Main Pressure Structure 
E lec t r i c  Heater 
Bellmouth Asse?5i.;l,iies (4) 
Single :Tack 2-3 Nozzle Assembly 
Ikqgiite Suppor5 ,and Thrust Stand 
Telescoping Oiffuser Assy. 
Engine Fuel System - Storable and Cryogenic Fuels 
Cost Estimate 
$1000 ' s 
W e l i n e  
~ ~~ 
19,812 
1,815 
12 , 000 
900 
500 
500 
14 
1,303 
Lab/Of f ice/Control B l d g .  I 1,400 
Fac i l i t y  Automatic Control System I 400 
Instrumentation and Data Acquisition System 
(Transducers , Amplifiers , Power supply , Andog/ 
Digi ta l  Conver :er , Tape Reccrder . 
1,000 
I 
2. WATF3 SPRAY UNIT (Motor, Pump, Piping, Spray Ring 
Manifold, Water Separator).  
500 
3 .  INTAKE AND EXHAUS'? ?OWEEEi 
4. REFRIGERATION PLANT 
2,000 
1,280 
5 .  COMPRESSOR PLANT Sub Total 
5 . 1  Mechanical Components (Compressors , Inter- 
coolers,  O i l  F i l t e r s ,  A i r  Dryers, Motors, 
Controls , Distribution Piping and Valves ) . 
71,033 
55,329 
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Repair and Maintenarxe 
Staffing 
Power 
ToCal 
FIGURE 6-57a (Continued) 
E6 FACILITY COMPONENT AND COST SUMMARY 
1,728 
1,m 
3,620 
6,548 
5.2 Elec t r i c  Substation (Incl'ides Power for  
Compressors an2 Elec t r ic  Hea5er.l. 
- P- , -- 
Total  
Contingency @ io% 
Fac i l i t y  Cost 
A&E Fee G 6% 
MGT & Cocrd E 4% 
Grand Total 
15,704 
94,645 
9,464 
104,109 
6,240 
4,170 
114 'r 519 
FIGURE 6-51b 
DISTRIBUTION OF FACILITY COMPONENT COSTS - E€ 
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Tnc t e s t  leg i s  based on existiog technology ard f a c i l i t i e s  ea< would heve a 
confidenie IC-vel of 5 associate2 with it, as defined 13 5.2.8.3. 
j?fi&lens w i l l  2rioarily be essociated with systems integrations. %e 2oLpressor 
g l m t  and refrigeration plant vmld be level  4, as mchines of the category reqAred 
do exi-1 and are operating, but have not been asselcbled in to  a plant of  the t o t a l  
ca$acity required for  ~ 6 .  '2fi% hestex is le=-el 3 a t  the very least, and will reqU;r6 
e Frototype t o  veri@ design sgecifications and speration. 
r isks,  the t o t a l  heating capacity would pzobably be represented by severai heaters, 
em& r-ithin t h e  current experience level. 
t ion t o  25r)O'R (139OOK) k i l l  probably require some de-relopnent i f  long l iPe  and 
minimum operational costs are desired. 
in  terms of technical goals. Integration problems could be significant,  but, the 
greatest sing12 ride lies i n  the continuous a i r  heater. 
accamplished with 6. nor-refractory rn2ta.l m a t r i x  a t  reduced t a p m a t u r e s  u n t i l  
exczrience is  gaiaed in 0, ?rating the f a c i l i t y  t o  minimize maJor problems during 
ic i t ia l  operation. 
6.3.7 
TEST L E a  -This f a c i l i t y  i s  comprised of a direct connect t e s t  leg (E6j  
v i th  a free jet  test leg (E7 from Phase I) ,  an2 served by a canmorr c m ~ r e s s o r ~  
exhauster plant and refrigeration p l a t .  
ing of f u l l  scale turbojet, tuAmfan, turboramjet, and ramjet enginee on a continuous 
basis. 
of the ent i re  systen is shown in F i , v z  6-ECJ. 
9evelopmst 
In  order t o  minimize 
The matrix Eaterial recuired for opera- 
me overall r i s k  of the f a c i l i t y  i s  ainh.Td 
I n i t i a l  operation could be 
IimGXm WW2HINER-C TEST FACILITY (E20) ( D I R E E  C O X i I X F  AXD FEUC!? --- JX" 
i n t e s z t e d  
Both t e s t  legs are designed f o r  PRtT tes t -  
Details of the test legs are shown i n  "icclres 6-56 ancl 6-59 and 8 scheukic  
Discussion of the direct  connect test l e g  and i t s  specifications i s  gi-ven i n  
Section 6.3.6 and w i l l  not be repeatel. here, except insofar 2 s  provision of the direct  
COMCC'I; .kst capability affects the o-terall f a c i l i t y  costs or test philosophy. 
Lye free j e t  test leg was designed 50 provide f u l l  f l i g h t  duplication at 
eng?es c,f zttack tnroughout the f l i g h t  Y ~ c h  nuniber range of 0.3 t o  5.0 as shown in 
F i g w e  6-45a. 
i n  the nozzle, a d  the ent l re  i a l e t  duct/engine combination is tested. 
testing i s  costly since the fuLl freestream stagnation pressure must be obtained, 
azrd a considerable excess f a c i l i t y  mass flow must be provided over that  mass flow 
which nctxally goes into the engine. 
for  free jet  testing, and are represected by the schematic drawings i n  Figure 6-61. 
In  th i s  ty-pe of testing, the actual  f'rees+,resm Each number is developed 
!Ws ty-pe of 
Three d i f f e r s t  f a c i l i t y  schmes were considered 3 
1 
I 
The f i r s t  method i s  the propulsion wind tunnel, which has a nozzle t e s t  section I 
i large enough t o  accept the inlet/engine combination at max imum angle of attack. Considereblu nozzle height m u s t  be provided i n  orcEer that  sufficient room i s  l e f t  
between the i n l e t  and the ceil ing and the exhaust nozzle and the floor of the test. 
section t o  avoid interfereoce effects.  This method, although most sat isfactom from 
conparison t o  the other twe methods. As depicted i n  Figure 6-61, a t e s t  section s ize  
of 40 x 13 fee t  (12.2 x 4.0 m) is necessary. 
a technical staridpoint, requires the largest  nozzle s ize  and mass flow rate i n  i 
The inass flows presented i n  the performance table 3f Section 6.3 6.1 must be mut. 
plied by 4.7 for the test section s ize  for  t h i s  t e s t  section concept. The maximum 
.nass 2lov i s  then 51,000 Ibm/sec (23,200 kg/sec), and the maximum volume fTLow into 
-;he compressor plant 40,0@Od0O0 scfsn (1,130,000 m3/sec). 
c i l a c b  has a =.timum volume f l o w  of about 100,000 scfk (28,000 m3/sec) and represents 
The AFDC VKF comGressor 
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FIGURE 6-58 
DIRECT COrJNECT ENfriNE TEST LEG FACILITY E20 
(Identical to E6, in Figure 6-55) 
I 
10 &&Is 
Low Fridion I 
Sca1-J 
I 
M Y U t n  
I 
3; meters 
- Jwk. Wjustable 
.ibk Plate Supcrsa~c 
de, Maximum 
I N W = 2  
A c i i !  Aircraft Duct 
Assembly, from Exine 
Face to Just 011strcau 
o f  Thmat 
Pressure 
i Frontof Engiae- 
J F t  and Engine Stand 150 Ft 
I 
(0 bhs 
I 
200 Ft 
I 
60 lyleters 
Eaine Ted-Section G e m  
Zero Angle of Attack, See 
for Maximum .-le of Attac 
and Figure 6 5 8 a  for Yinir 
W G e o m e t r y  
Side L l l s  Extend Across 
Entire Height of Struchm 
fa Load Carry-ThmW 
0 
1 
50 R 
(153 rn) 
la3 Ft 
(306 rn) 
150 Ft 
(453 m) 
I 
200 Ft 
(61.0 a) 
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FIGURE 6-59 
FREE JET ENGiNE TEST LEG, FACILITY E20 
xtion Gecmeby fcr 
Attack, See Figue 6-58b 
ngle of Attack Geomeby, 
58a for Minimum &le of 
- Y  
Scissors Jatks to Aajust 
Vertical Position of Diffuser 
To Exhustas for Hmzk 
P l u m  Chamber ming LGPW and L o w  Diffuser 
Wal Assemblies an 
Idcpendently abved 
Used in This Area to 
Cool Mixtue of Air 
andExhaustGases 
P l m  h k r  Collectw, 
40 Ft High - 20 Ft Wide 
To E x b s t a s  w 
Atmospheric Exhaust 
Dewding 011 Resuae 
Diffuser Structual 
i Ft 
..O m) 
350 Ft 
(107.0 m) 
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FIGURE 6-60 
SCHEMATIC OF E20 TURBOMACHINERY 
TEST FACILITY - DIRECT CONNECT LEG PLUS FREE JET TEST LEG 
Legend: 
@ Direct Connect Test i e g  (See Figure 6-58) 
@ Free Jet Test Leg (See Figure 6-59) 
@ Watcr~pay 
@ Intake and Exhaust Towers 
@ Refrigeration P i a t  
@ cmtpressor~lant 
a sizable  p lan t  i n  terms of wind tunnel  compressor p lan ts .  
t h a t  s ing le  machines up t o  1,000,000 scfm (280,000 m3/sec) have been b u i l t  and are 
possible.  However, estimation of t h e  design and cos ts  of ihe plant  equipnent needed 
t o  service t h i s  t e s t  sect ion concept i s  a formidable task.  For examplz, t h e  e l e c t r i c  
heater  f o r  t h i s  concept would necess i ta te  about a 10,000,000 kW input,  which when 
combined w i t h  t h e  estimated 20,000,000 kW required f o r  t he  compressor p lan t  so  ex- 
ceeds current technology t h a t ,  even i f  t h e  equipmat could be defined, it i s  dou5tful 
t h a t  a meaningful cost  estimate can be obtained. I n  terms of the  research value f o r  
t h i s  f a c i l i t y  concept, such cos ts  a r e  not j u s t i f i e d ,  and t h e  concept w a s  re jected.  
Allis-Chalmers data shows 
The second method i s  a t e s t  c e l l  where t h e  inlet /engine i s  mounted on a f ixed 
th rus t  s tand and t h e  nozzle i s  pitched, as depicted ir. Figure 6-61b. This method 
MCDONNNL AIRCRACT 
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FIGURE 61c 
FREE JET TEST SECTION ALTERNATIVES (PITCHED ENGINE AND TEST SECTION) 
Jack to Adjust--/ 
Test Section @le 
FEET 
0 10 2 0 3 0  40 50 
~~ 1 
;I i io 15 
METERS 
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i s  used on s m a l l  faci_ ' . i t ies ,  such as at APL and AEDC, with success and has an advan- 
t q s  ia that. t h e  Exhaust piping of t h e  engine can be non-movable. 
E20, however, t h e  large Mach range requires  a very long and heavy f l ex ib l e  piLGe 
nozzle with water cooled walls. 
impractical  t o  p i t ch  the  nozzle. 
I n  the  c a s e  of 
The weight and complexity of t h i s  system make it 
The pressurized plenum chamber around the  nozzle which is  some 90 f e e t  (27.5 m) 
high and capabk of withstanding 315 p s i a  (217 hf/cm2) would present a major technica l  
r i s k  i n  terms of f i e l d  fabr ica t ion ,  2nd meeting design spec i f ica t ions .  
t e s t  s x t i o n  cannot be as e f f ec t ive ly  control led,  as i n  t h e  previous f ixed tes t  sec- 
+,ion &sign, because of t h e  nozzle motion, and t ransonic  flow qual i ty  w i l l  be compro- 
mised. The dominating f ac to r  i s  t h e  mechanical massiveness af t h e  movable hardware, 
and the  r i s k  involved i n  t h e  fabr ica t ion  and operatiou of t h e  f a c i l  J .  The m a s s  
flow i s  as presen ted in  Section 6.3.6.1 f o r  a tes t  sec t ion  16 f e e t  by 7 f e e t  (4.9 m x 
2.1 m). 
The vent i la ted  
This concept was r e j ec t ed  because of t he  mcihanical and fabr ica t ion  problems. 
"he t h i r d  method uses s l a rge  f l ex ib l e  p l a t e  water cooled nozzle,  f ixed i n  
posit ion.  
f loor  remain p a r a l l e l  while pi tching with t h e  inlet /engine.  
moves up and down with t h e  t e s t  sec t ion  and dumps the  flow i n t o  a plenum chamber. 
A co l l ec to r  i n  the  plenum chamber is connected t o  t h e  exhaust piping. 
bottom pla tes  of t h e  d i f fuse r  can Eove d i f f e r e n t i a l l y  with respect t o  each o ther ,  as 
vel1 as together ,  so t h a t  optimum d i f fuse r  eff ic iency can be obtained at a l l  Mach 
numbers, as depicted i n  Figure 6-6iC. The nozzle contour changes, model and t e s t  
sect ion p i t ch ,  and d i f fuser  pos i t ion  changes a l l  occur while t he  f a c i l i t y  is  operat- 
ing. 
by a plenum chamber which is  evacuated by an auxi l ia ry  evacuaticn system. The hinge 
points on the  a r t i cu la t ed  tes t  sect ion are chosen so t h a t  expansion fans o r  com- 
pression waves emanating from the  hinge points  w i l l  have minimal e f f e c t  on the  i n l e t  
f l o w .  
however, a f f ec t  t he  exhaust nozzle flow. 
7 f t  w i d e  (2.1 m).  
An inlet /engine model i s  munted within a tes t  sec t ion ,  whose ce i l i ng  and 
A n  a r t i cu la t ed  d i f fuser  
The t o p  and 
The tes t  sect ion i s  ven t i l a t ed  f o r  t ransonic  Mach nunbers, and i s  surrounded 
These waves, and waves emanating from the  aft t es t  sect ion hinges could, 
The nozzle s i ze  i s  16 ft high (4.9 m) by 
This concept is not  u t i l i z e d  in  any exis t ing  propulsion f a c i l i t y  as are the  
previous two concepts. However, t he re  are no ex is t ing  f a c i l i t i e s  of t h e  s i z e  and 
2erformance described in t h i s  section. Although a prototype sca le  model w i l l  be 
necessary t o  wark out flow anomalies i n  t h e  a r t i cu la t ed  t e s t  sect ion concept, it 
appears t o  be a design which keeps t h e  compments and mechanisms t o  s i zes  ar,d s t ruc-  
tu ra l  requirements consis tent  with current experience. 
was se lec ted  as t h e  Phase I1 t e s t  section concept for  t h e  f r e e  j e t  leg.  
t e s t  section size f o r  an operat ional  engine, reduced t h e  massiveness of t h e  t o t a l  
faci l i ty ,  and provided ccmponents consis tent  with present f i e l d  fabr ica t ion  experience. 
For t h i s  reason, t h i s  concept 
It minimized 
One other  option w a s  available, based on an analysis  of  t h e  angle o f  a t tack  of 
t h e  a i r c r a f t  at d i f f e ren t  f l i g h t  path points .  
at  high dynamic pressures where maximum angles of a t tack  cannot be f low because of 
t he  s t ruc tu ra l  l imi ta t ions  of t h e  a i r c r a f t .  Theoretically,  it should be possible  t o  
move t h e  nozzle f l s x i b l e  p l a t e s  c loser  t o  the center l ine ,  consis tent  with the  reduced 
angle of a t tack  requirements, s ince l e s s  nozzle height is  required.  
nags f l o v  could be correspondingly reduced. 
Mach number 1.2 a t  sea l e v e l ,  t h e  nozzle height f o r  t h e  a r t i c u l a t e d  test sect ion could. 
be reduced from 16 f e e t  (4.9 m) t o  10.5 f t  (3.2 m )  allowing a 34% reduction in mass 
The max imum mass flow points  occur 
The f a c i l i t y  
For example at a f l i g h t  path point of 
6-143 
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flow. 
as w e l l  as contour control t o  the nozzle actuat im system, plus the additicmal 
actuator stroke increased the cost and technical r i sk  in an already complicated t e s t  
section canfiguratim, negating the advantages of the  reduced mass flow requirements. 
Application of this  principle t o  the complete f ree  j e t  concept w o u l d  not have 
reduced the mass flow sufficiently t o  alter the conclusions concerning the  feasi- 
b i l i t y  ot' a f a c i l i t y  based on t h i s  t e s t  section concept. 
A simpljfied analysis indicgted that the  complexity of providing translaticxi 
The nozzle sizes for  the test section concepts were itet%mined fram the require- 
ments for  the three engines depicted i n  Figure 6-62. 
assumzd f o r  each engine/inlet system was : 
The angle of attack range 
SST !L'y-pe Turbojet 
Fighter Turbojet 
Turboramjet 
As discussed i n  Section 6.3.5, for  the direct  connect f a c i l i t y  S6, the continu- 
ous air heater presents a serious design problem for  this  class of fac i l i ty .  Tfie 
heater requirements were s t r ingen t  enough for  E6 with a maximum mass f l o w  of 1300 
lbm/sec (590 kg/sec) . For the 10,870 lbmlsec (4925 kg/scc) required f o r  the free  
jet leg,  the heater system must be considered a limiting technical factor i n  accom- 
plishing the performance as specified. A first stage combustion heater which would 
provide an i n l e t  temperature t o  the e lec t r ic  heater on the order of 1 8 0 0 ~ ~  (lOOO°K) 
could substkintially reduce the input power into the e lec t r ic  heater. 
matrix materials problems are s t i l l  present, the problems associated w i t h  surglying 
and routing the input power t o  the hea'zr a r e  reduced. This aspect will be fur ther  
studied i n  Phase 111. 
Although the 
In summary, the  free j e t  t e s t  l eg  i s  capable of doing performance and PFRT 
t a s t s  on a continuous basis, and with fu l l  duplication of f l i&ht  stagnation tempera- 
tures and pressures, over the  Mach number range of 0.3 to-5.0. 
suited t o  tes t ing the inlet/engine compatibility problems, using full scale actual 
in le t s .  
overall  f a c i l i t y  s ize  and the compressor requirements, gives r i s e  t o  several develop- 
mental problems, t o  be discussed i n  Section 6.3.7.3. 
It is  esgecially 
!The complexity of  the mechanical t e s t  leg components. needed t o  minimize 
6.3.7.1 Specifications - The following table presents the physical and operacing 
specifications of the E20 integrated turbomachinery test  fac i l i ty .  
description and t e s t  section performance re fer  012.y t o  the f ree  jet t e s t  leg. Speci- 
ficetions of  the direct  connect leg me given i n  6.3.6.1. 
cations re fer  t o  the sysi.zm components accessary t o  provide the mass flou and stagna- 
t ion  pressure and temperature of both test legs, 
The test l e g  
System component spscifi-  
One of the major contributions of t5e  free j e t  leg reseerch capability w i l l  
be i n  the area of engine/!.nlet cornpatability resewch. 
complete temperature duplication t o  Mach number 5, t ime  variant pressure a d  tempera- 
tu re  distortions can be investigated, at actual. engine and inlet operating teropera- 
tures. 
engine related research being accamplished in the  direct. connect leg ,  then sore 
compromises can be made i n  the low speed portion of the performance envelope, reduc- 
ing the maximum mp9s f l o w  requirements. 
With the capability of 
If %his can be considered a major ro le  for t h i s  f a c i l i t y ,  with much of the 
Figure 6-63 presents these compromises, 
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FIGURE 6-62 
REPRESENT AT IVE ENGINEhNLET ARR AidG EMENTS 
,- Free Stream Inlet ' 
/ I 
r-Turb%aay'd - 35 Sq Ft (325 m2) 
r e p r e s a t e d  as Alternate  1 and 2 f a c i l i t y  def in i t ions .  
m a x i m  mass flow t o  6000 lbm/sec (2720 . ; /see) ,  eliminPting so= of t h e  t r m s o n i ? ,  
low a l t i t ude  dupl icat ion capabi l i ty .  Sir.ce the  t i m e  var ian t  d i s to r t ions  generally 
are  mi-s hzpcii-taiit In t he  a p e r s m i c  f l f g h t  regiae t h n m  in t h e  t ransonic  flight 
regime, th i s  delet ion should have l i t t l e  e f f e c t  on the  engine/ inlet  research capa- 
b i l i t y .  Alternate 2 adds t o  Alternate  :I tF.a eliminati YI of t h e  temperature dupli- 
cak-4 region at  subsonic and transonj.c s2eeds requiriz ~ cooling of the air supply 
below 70°F (295'K). 
should have a negl igible  e f f ec t  CA the ove ra l l  research ca9abi l i ty  - t h e  operat i76 
regioii w i l l  be avai lable ,  but the air s t r g x t i o n  tzmperature w i l l  be too  high f o r  
f l i g h t  duplication. 
scaled r e su l t s .  Eigh azlgle of attacks associated ~ t h  t r a m o n i c  high performance 
maneuvers vould s t i l l  be avaiiable for i n l e t  research. 
Alternate  1 reduces t h e  
Qimination of f i ight duplicated temperaturt 1.1 this region 
This w i l l  nece;sitai;e some adjustments ir, enqine rpm t o  obtain 
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FIGURE 6-63 
FLIGHT DUPLlCATlON REGIONS OF ENGINE TEST FACILITY E20 
The direct comet+ leg is presented i n  FigurE 6-55, and t-he free je t  l eg ,  based 
.m the ar t iculatel l  tes t  section concept, i n  F igwe 6-59. 
section posi t iox corresponding t o  mininun and maximum angle of attack is shown i n  
Figure 5-51. 
Figure 5-60. 
The a r t i cu la t ed  test 
A schematic representation of the E20 Taqility complex is given in 
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G 
M Altitude P 
k f t  (h) psiz (;i/cr2; 
0 ( 0 ) 15.65 ( 10.8 
0 ( 0 ) 17.45 ( 12.0 ) 
.3 1s I 5.5 1 7.81 ( 5.38) 
o Test Leg Description (Free Jet)  
Hozzle Diaxsims : 
( O K )  
TO2 
3R 
528 ( 293) 2,720 (1230) 1 
462 (-256) 1,458 ( 661) 
544 : 302) 4,700 (2139) 
Height = 16 f t  (4.9 a) 
Width = 7 f't (2.1 m) 
.5 30 9-15 ]  5.18 ( 3.56) 432 ( 240) 
20.8 ( 14-3 ) 568 l 3i5) 
5.8 ( 4.00) 450 ( 250) 
27.85 ( 19.2 ) 522 ( 346) 
3.38 ( 2.33) k68 ( 260) 
35.6 ( 24.5 668 ( 371) 
3.22 ( 2.22) 505 ( 281) 
I 32.0 ( 22.0 I 700 ( 389) 
3.53 2.43) 616 ( 342) 
39.1 ( 26.9 j 760 ( 422) 
53.8 ( 37.1 1 880 ( 489) 
62.7 ( 57.0 ) l O & O  ( 660) 
4.03 ( 2.78) 710 ( 394) 
5.5 ( 3.78) 900 ( 500) 
1300 
( i39  1 1600 ( 890) 
105 (32.0 ) 20.4 ( 14.1 ) 1650 i 917) 
(19~8 1 256 (176 ) 1850 (1028) 
(217 2200 (1222) 
( 33.1 1350 (1306) 
Maximum I d e  t /Engine Length = 45 f't (13.7 n) 
1,570 ( 712) 
6,720 (3350 1 
2,020 ( 916) 
9 , 630 (4370 
1,458 ( 661) 
10,870 (4925) 
1,23@ ( 5561 
8,070 
896 ( 507)  
' 7,170 (3250) 
5,520 (2640 ) 
4,930 (2230) 
493 ( 223) 
4,250 (1930) 
426 ( 193) 
3,706- l i  680) 
370 ! 168) 
3,300 (1500) ' 
331 I 145) 
2,970 (1353) 
286 ( 130) ~ 
762 ( 346) . 
6J5 ( 274) 
Maximunihgine Thru t :  i O 3 , O O O  l b  (U4,800 N) 
Mazh Nuber Razlgr: 0.3 to 5.0 
Altitude R a i q e :  
Stagnation Pressure Range: 
Stagnation Temperature Range2: 
Mass Flow Rangel: 
0 to 116 k f t  (0 t o  35.4 km) 
3 t o  3 5  pzia  (2 t o  217 N/cm2) 
432 t o  2350°F (340 to 1300%) 
286 t o  10,870 lbmjezs (is t o  4930 kg/sec) 
Run Time: Cont imous 
1 
2 
For Alternates, maxinum mass flow equals 6000 l b d s e c  (2720 kgjsec) 
For Alternate 2, no tenqxratures below 56OoR (311OK) w e  availabie. 
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o System Component SDecifications 
Compressor Plant: 
lated t o  find the minhum compressor pressure requirement at each t e s t  
condition.) 
(Frictional losses i n  distribution piping w e r e  calcu- 
BASE3JIh-E ALT. 1 ALT. 2 
Maximum Inlet Flow s c m  8,500,000 b ,700,000 4,700,000 
(n;3/min) ( 241,000) ( 133,000) ( 133,000) 
Electric Heater 
Dirzct Came& Leg 
Max Power - kW 
A t  Temp - OF 
("C) 
Free J e t  Leg 
M a x  Power - lsU 
A t  Temp - OF 
("C) 
600,000 600,000 600,0oo 
1900 1900 1900 
(1038) (1038) (1038) 
Refrigeration 
Direct Coxuect Leg 
1 ,goo ,000 1,900,000 1,900,003 
1740 1740 1740 
(950) (9% 1 (9%) 
Capacity - Tons 
(kw) 
Capacity - Tons 
(kv) 
6.3.7.2 
the costs estimated for  each o f t h e  f ac i l i t y  components. 
the methods 3c.cwsed in Section 6.1. 
F e i l i t y  &xzient and Cost Srmmary - Figure 6-64a shows a c o q i l a i i o c  of 
E s t i m a t e s  were &e by 
An o v e r d l  view of the costs is presented by the "pie" charts, Figure 6-64b, 
which reveal graphically the relat ive proporticns of ebch f ac i l i t y  element t o  the 
t o t a l  cost. 
definition and cost estimakion in Phase 111. 
compressor plant. 
is recommended. 
sultation with compressor inanufacturers 's Phase I11 w i l l  produce a nuch firmer coat 
est-ta cm t h i s  very imprtant  facility cGnpcnent. 
The largest  cost elements are those which are most amenable t o  bet ter  
In this case, the largest  cost i s  the 
Selectior. of either of the  alternates cuts t h i s  cost i n  half  arid 
Further definlticn of the compressor operating envelope, and con- 
The cancept of the ccntinuous 
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5. REF'XGERATIOX PLANT 
- 
FIGME 6S4a 
EM FACILITY COMPONENT AND CO 
8,730 
Faci l i ty  Component 
1. DIFECT CONNECT SNGIXT sP5T I;EG Sub Total 
(Sme as E6) 
2. JET ENGINE TEST LZG 
~~ 
Sub Total 
2.1 
2.2 
2-3 
2.4 
2.5 
2.6 
2.7 
2.8 
&in Pressure Structure 
Elect r i 2 .Heater 
Flexible Nozzle Asseably (Sidewall Struc- 
ture , Jack Reaction Structwe Electric 
Screw Jacks, Water Cooled Flexible P l a t e s ,  
ilozzle Seals 1. 
T e s t  Section ax2  Diffuser A s s e m b Q  (Side- 
w a l l  Structure, Porous Wall Plates,  Plenum 
Evacuation Piping md Valves, Thrust Stand, 
Articulated T e s t  Section and Diffuser top 
and Bottcm Plates, Dynamic Seals, Test 
Section Screw Jacks and Scissors Mechanism) . 
Engine Fuel Systen (Price included i n  
Direct Connect Leg cost 1. 
Lab/Office/Control i. :lding (Addition to 
Cost Required for  Direct Connect T e s t  Leg). 
?aci l i ty  Automatic Con+,rol System 
Instrumentation and Data Acquisitton Syster 
(Transmxers , A q l i f i e r s  , Power Supplies, 
Analog/Digital Converter, Tape Recorder). 
r SUMMARY 
Cos5 Estimate 
~ 1 0 0 0 ' s  'T' -
Baselint 
19,832 
54,492 
5,372 
40,000 
4 , 3co 
3,000 
- 
420 
400 
1,000 
3. WAmR SPRAY UNIT ( MotoL*s , Pumps , PipTng, Spray 5,000 
Xing Manifolds, Water Sepsrators for both Legs). 
-- 
3,060 I 4. INTAKE: AND EXHP;LrST TOklJi3S 
A l t  1 
19,832 - 
54,492 
5,372 
40,000 
4,300 
3,000 
- 
420 
400 
1,000 
3,000 
1,840 
8,730 
--- 
A l t  2 
19,832 
54 ,h92 
5 , 3'75 
40,000 
4,300 
3,000 
- 
420 
400 
1,000 
3,000 
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Sub Total 497,352 6. COMPhESSOR PLANT 269,764 I 269,764 
I 
FIGURE 644a (Continued) 
E20 FACtLlTY COMPONENT AND COST SUMMARY 
6.1 Mechmical Canponents [Coapressors , Inter- 
coolers, O i l  F i l te rs ,  Air Dryers, Motors, 
Controls , Distribution Piping md Valves). 
6.2 Electric Substation (Includes Power for 
Compressors and Electric Iieaters) . 
Total 
Facii i ty Cost 
A&E Fee @ 61 
XGT & C"ocrd. Fee @ 4% 
Gr.and Total 
Contingency 8 10% 
.- .. 
442,800 221,488 
54,552 48,276 
588,466 357,658 
647,312 393,424 
38,800 23,700 
25,900 15,700 
712,072 49,824 
58,846 35,766 
221,488 
48,276 
350,208 
35,021 
385,229 
23,100 
15 ,!.30 
423,729 
a i r  heater ha!; not been finalized sa tha t  the  cost estimate is  based on a number of 
assumptions f r o m  inaustr ia l  sized heaters. 
as  t o  actuzl fabrication techniques with representative suppliers w i l l  probably 
result in an uphzrd adjustmen+, of these costs. As for E6, iovestigaticr; of possible 
s i t e s  where integatiol;  of E20 with existing eqxipmeni, could resul t  in reduced 
compressor, refrigniatian,  or heating costs, is l ike ly  t o  resu l t  in  reduced acquisi- 
t i m  costs. 
6.3i7.3 Developnent Assessment - So far as is  known, the  free jet  leg i s  unlike any 
f ac i l i t y  now operatin6 or glanned, and incorporates several d i f f icu l t  aechanical 
d e s i g c  problems. These problems are all related t o  the articulated t e s t  section and 
diffuser and should be investigated through prototype development before c d t t m e n t  
t o  a f i rm engineering design. 
o . Investigation of transonic flow characterist ics of the art iculated test 
Refinement of the concept and inquiry- 
Examples ere: 
sect im.  
o Development of sea l  design for tc:t section plenum chamber and diffuser 
plates. 
o Developmnt of sidewall seals for nozzle, test section, and diffuser. 
o Investigation of punping characteristics of plenum chsmber collector when the 
diffuser i s  running off-center. 
o - Design of w a k r  cooled flexible plate nozzle, includinq investigation of the possibil i ty of using a s h p l e r  single jack, taperea plate  concept. 
The individual it.ems comprising the art iculated t e s t  sectiol?. have EL confidence 
level of 5 (as dzfined i n  Section 6.2.8.3) associated with them, however the assem- 
bTe2 articulated t e s t  section would heve a confidence level  of 2 ,  requiring scale 
model develapment. The compressor plant, would be level  4, i n  that  individual compo- 
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FIGURE 6-64b 
DISTRIBUTION OF FACILITY COMPONENT COSTS - E20 
Baseline 
RefrigtsatimJ /- Water Spny System, 
Intake-Exhaust Twen Plud 
Direct Connect 
Test L q  
Refr'wation / L Water Spray System, 
PW- Intake-Exhaust Twus 
A l W e  1 Aheraate 2 
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FIGURE 6 - 6 4 ~  
E20 FACILITY SUMMARY 
Operating Cost 
nents are or  have been bu i l t  but not integrated into a p-;--A of r k i s  size. 
cant t i m e  span u t  be’ &lowed t o  permit balancing the  cozgrezoors a d  valving a t  
differeat t e s t  conditiors . 
probably be less than specified u n t i l  the intricacies of the cmpressr;;r ,?pcrT;tim 
matching me  worked out. 
problem associated w i t h  the compressor plant. The continuous air heater, on the 
other hand, i s  indicative of level  2. Large resistance, inductive, and combustion 
heaters have been developed and are i n  operation, however t h e  heater for the E20 
free jet  leg represents an order of magzitude increase i n  input power over current 
sizes. 
tures necessary t o  develop high performance canposite engines, and is  probably the 
pacing item i n  terms of acquisition schedule and r i sk  of not achieving the  specified 
Ferformsnce. 
heater suppliers t o  arrive a t  ti satisfcctoq- design for f inal  coastruction. 
r i sk  involved with the heater, ,.nd the  cost of t he  ove ra l l  f ac i l i t y  compared t o  i t s  
increment i n  researcb value, requires an unfavorable assessment of the  development of 
th i s  type faci l i ty .  
costly delays, including failure t o  achieve specified performance, are  numerous. 
6.3.8 MULTIRECOMPRESSION HEATER S(2RAWET TEST FACILITY (E8) - This f a c i l i t y  i s  
designed t o  test scramjet engine and convertible scramjet engine modules, on a 
continuous basis, through the Mach number range of 3 t o  12.5, and an al t i tude range 
of 45 t o  160 kf t  t o  (13 t o  49 km) . 
used, tes t ing engine modules us t o  15 f’t2 (1.39 m*) capture area. 
medium, and i s  heated t o  the hi& stagnation temperatures required by a two stage 
multirecompression heater (MRCH). This is a mechanical heater concept which con- 
verts mechanical shaft  power direct?y into t h e m  energy. 
h signifi- 
Consequently, the i n i t i a l  facilied- ge?fo--’.-i:.LZ w i l l  
ikspi te  i t s  s ize ,  there seem t o  be no pof;-tial uusolvable 
This i t e m  is  ci’itical t o  the attainment of the  duplicatr.3 flight tempera- 
A significant development program wodd probably be necessary by 
The 
The problems which could arise t h a t  would produce serious and 
. 
A mdified direct-connect test technique i s  
Air i s  the test 
The test leg of the f ac i l i t y  i s  designel on a modular basis, with t t e  MRCH and 
a subsonic diffuser sec+ion instal led i n  fixed lccations. 
these fixed locations, as shown i n  Figure 6-65. The pressure, temperature and f low 
ra te  provided by the heater ccn a lso  be used for  thermo/structural tes t ing of fuil 
This i s  accompiished by instal l ing one of a 
se t  of water coolea w-rc:;?lamic nozzles, e t e s t  cabin c0ntainir.g the t e s t  specimen, 
and a diffuser a d a D t f r  i n  place of the engine test  rnohle. 
sham i n  Figure 6-51. 
Engine tes t ing i s  done 
> b y  instal l ing the scram,..t engine t e s t  module and i t s  connecting piping between 
, s ca l e  a i r c ra f t  campoaeats o r  sections. 
This arrangement i s  
Longitudinal tracks are provided for axial translation of 
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FIGURE 6-65 
MULTICOMPRESSION HEATER SCRAMJET ENGiNE TEST FACILITY 
F3R A 15 SQ FT (1.39 d) CAPTURE AREA MODULE 
T d a l  Input Shaft 
Pow# 465,ooO kW r (Divided &tween T d a l  lwut Shaft 
Scramjet T a t  Section 
(sse Figue 6-45 for M i l s )  
klt:compression Heater 
Total Power 710,000 kW 
....................... ....................... ....................... ........................ ........................ ........................ ........................ ........................ ........................ ....................... ........................ ........................ ........................ ........................ ....................... 
....................... 7 ........................ -I 
. . . . . . . . . . . . . . . . . . . . . . . . .  
0 1  2 3 4 5  
I#e!ers 
I 4 1 0 5 10 '0 
Feet 
(Page 6-L.54 is Blank)  
ENGINE TEST FACILITY 
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the engine t e s t  module and the nozzle t e s t  cabin, and lateral tracks are provided 
for  moving the various components t o  set-up and storage areas. 
Details of the scramjet engine t e s t  section module are shown In  Figures 6-47 
and 6-48. 
scramjet and convertible scramjet engines along with descriptions of the unique 
mechanical detai ls  of the t e s t  section module are found i n  Section 6.3.2. 
A description of the philosophy of modified direct  connect tes t ing of 
The dimensions of the aerodynamic nozzles which are used f o r  thermo/structural 
tes t ing are shown i n  Figure 6-49a. 
also shown i n  t h i s  figure. 
dy-namic/structural tes t ing i s  given i n  Section 6.3.4. 
Estimates of the potential  flow diameters are 
A description of the use of these nozzles for  thermo- 
The multirecompression heater (MRCH) , which i s  the high enthdpy air source, 
is the c r i t i c a l  component of t h i s  f a c i l i t y ,  and represents a new mncept i n  high 
enthalpy heaters..  The concept w a s  developed by Roger Weatherston of the Cornell 
Aeronacticai Laboratory, Buffalo, New York. 
The MRCII i s  a mechanical device which converts sl;aft power direct ly  into 
Heating i s  produced by rapid and cyclic successive adiabatic thermal energy. 
expansions and recompressions. 
cal ly  related t o  a gear pimp but which differs  i n  i t s  basic principle of operation. 
The rotors of the MRCH are driven a t  high pitch l i n e  speeds t o  produce the thermo- 
dynamic heating action. 
governing equations are given i n  Reference 16. 
the  heater and indicates two methods of input air  injection t o  the heater. On the 
le f t  side of the figure, the air i s  shown entering into a gear well. 
i s  used when the reservoir teniperature is  not high enough t o  require direct  cooling 
of the gear teeth by the cool input air. 
of the incoming a i r  i s  less  than the reservoir stagnation pressure and the air  com- 
pressor horsepower requirements are reduced. When stagnation temperatures are 
attained which require gear tooth cooling by the input air, the injection method 
shown on the  r ight  side of the figure is used. This method needs a higher a i r  
compressor horsepower because the input pressure neeued i s  equal t o  the full reser- 
voir  stagnation pressure. 
wel-’. air injection-; as stagnation temperatures are less  than  6 0 0 0 ~ ~ .  
atures greater than ~ O O O ~ K ,  the gear tooth h j e c t i o n  scheme would be necessary. 
multirecompression heater i s  s t i l l  a theoretical  design, however there i s  physical 
evidence that  i n  principle it w i l l  f’unction as conceived. 
t‘ne i n l e t  sealed corresponds t o  the concept of the MRCH, ar,d i n  t h i s  configaration 
the output temperature of the gas will increase rapidly. 
sealed-inlet Roots blower can r i s e  high enough t o  damage the machine i f  t h i s  situa- 
t ion  i s  not quickly remedied. 
having sealed in le t s  and s ta tes  that  he w a s  able t o  experimentally ver i fy  the equa- 
t ions i n  Reference 16, which predict the performance of the MRCH. Although very 
low power levels were used compared t o  those required f o r  E8, at l e a s t  some data 
exists verifying the principle of operation. 
This i s  accomplished by a device which i s  generi- 
The detai ls  of the heating process and derivation of the 
Figure 6-66 shows the geometry cf 
This method 
Using t h i s  method, the  required pressure 
The design used for  E8 assumes the first method, gear 
At temper- 
The 
A Roots type blower with 
The temperature of a 
Mr. Weatherston has experimented with Roots blowers 
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FIGURE 6-66 
MULTIREC@MPRESSION HEATER CONCEPT, llTH SIDE PLATE REMOVED 
Altemae Air Injection 
Scheme, Into Gea Wel 
fu Lower Temperatues 
Air Injection Scherre Where 
Heat Transfer Limit on Gear 
Teeth is Approached. 
Ternpuatud Exceeding 6000OK (l0,WoR) 
The f l i g h t  path chosen is  represented i n  Figure 6-4Sc bv t h e  e n t i r e  shaded area,  
and the  maximum values correspond t o :  
Moo 5 1 . 2  Z = sea l e v e l  
1.2 < ual ( 4  
4 < M m 5 6  
6 < % ~ 8 . 5  
q m  = 2000 psf  (9.7 N / a 2 )  
duct pressure < 150 p s i a  (103 N/cm2) 
Z = 94,000 ft (28.7 km) 
1.5 C Mm 13 Materials ternper&ture limits on vehicle  
compression s i d e ,  based on upFer surf ace 
temperature near a = Oo 
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Determination 0;' t he  dimensions and power requiremen-.s of tbe  MRCH stfir< with 
def in i t ion  of t h e  maximum mass  ?;ow and temperature requirements a t  each fligh.1; 
simulated Mach number. 
ENGLISH UNITS 
MOD Ho ENG X?UT POWER Po MRGH NOZ W 3 W 
Btuilbm l b m /  se  c lbm/sec l b m /  s ec kW psia 
3 
4 
5 
€ 
7 
e 
9 
9.7 
10 
11 
12 
12.5 
263 
430 
590 
845 
1100 
1330 
1640 
1830 
2650 
2850 
180w 
2150 
200 
180 
140 
110 
180 
20 8 
175 
135 
122 
102 
100 
103 
340 
306 
238 
187 
306 
354 
298 
239 
208 
174 
170 
175 
343 
311 
254 
206 
355 
!53 
328 
265 
236 
-. 205 
221 
238 
49,000 
93,400 
153,000 
353,000 
118,000 
552,000 
511,000 
440,000 
422,000 
438,000 
554,000 
624,000 
84 
191 
2 80 
353 
900 
1915 
4110 
7000 
8700 
l? ,000 
17,300 
22,000 
S.I. UNITS 
Ern Ho ENG INPUT POKER E-, . MRCH NOZ V W W 
J/kg Bg/sec kg/sec kg/sec kW N,' cm2 
!x 106) 
3 
4 
5 
6 
7 
8 
9 
9 .'T 
10 
ll 
12  
12.5 
.633 
1.00 
1.37 
1.95 
2.55 
3.08 
3.80 
4.17 
4.25 
4.98 
6.15 
6.61 
9 1  
81.6 
63.5 
49.9 
81.6 
94.5 
79.5 
61.3 
55.3 
46.3 
h5.4 
46.7 
154 
139 
108 
85 
161 
13s 
13 5 
108 
94 
79 
77 
80 
156 
141 
1 1 5  
94 
161 
20 5 
149 
120 
107 
93 
100 
107 
49,000 
93,400 
118,000 
153,000 
353,000 
552,GOO 
511,000 
440 ,GOO 
422,000 
438,000 
584,000 
684,000 
58 
132 
193 
243 
620 
1320 
28 30 
4830 
6000 
827 5 
11,930 
15,180 
I n  th i s  table,  * m ~  is  the  mass flow required by the  engine module, w ~ o z  i s  the  
mass flow.which goes through the  engine and around three sides of t he  s c r q i e t  mod- 
u l e ,  and W ~ C H  i s  t h e  t o t a l  nozzle f l n w  plus a hea ter  leakage flow. ' 
flow i s  determined by minimum clearances possible  between the  ro to r  lobes,  as deter- 
mined by possible  production tolerances and allowances f o r  thermal expansion., 
The ac tua l  maximum m a s s  flow t r a j ec to ry  possible  i n  a cor.tinuous f a c i l i t y  i r  
l imited by the  nozzle th roa t  cooling. 
uaximum flow conditions vhich c a  be continuously run i n  water COL'I-:? nezzles is: 
The leakage 
A paranieter w e d  by AEDC t o  r e f l e c t  the  
v' Po Ho = 39,000 
ii.C-k7NNEU AIRCIPAFT 
6- J-5 7 
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vhere PD is t i e  stagnation pr-essure ;n atmspheres, and Eo is  the stagnation enthalpy 
i n  rdtur'1.bE. 
i t i e s  uslnr; Y& pressme air electr ic  arc heaters as enthalpy so-nces. 
i!.lEtration of the throat cooling lim5k i s  sham i n  +,ems of stagnation pressure and 
temperature in Figure 6-67. 
ncnlers above 9-7 so khak the l ine  crf  max2.n~ wwer is  redefined as follows: 
This limitation is  based un nczzle c o o l i a  data frm AEDC and other facil-  
A gre.l;hirr 
Using t h i s  limitation restricts tfie mass f l o w  at Mach 
M If0 F-CH INPUT Porn PO W 
s tu im (J;sg j lb/sec (hg/sec 1 kW psia iWcm2) 
(x 106) - 
3 273 (A331 343 (1%) ::g ,000 84 (58) 
(132) 
lgl 230 ('193) 
4 430 (1.@00! 311 (141) 53 ,bo@ 
5 590 (1.37: 254 ( u s  1 U8,003 
6 $45 (1.5) 206 ( 9 U  153,000 353 ( 2 3 )  
7 ilr33 (2.55) 355 (161) 353,900 900 (620 1 
e 1330 (3.08) 453 (xb) 552yOh 1915 (1320) 
9 1640 (3.8oj 328 (149) 511,000 4110 (28301 
9.7 1800 (4.17) 265 ixo) 440,000 7000 (4830) 
10 1850 (4.20) 188 (35 1 325,000 6430 (4470) 
1 -: 240 0 (,.57? pp. (40) 206,000 4660 (3215) 
12  3200 (7.42) 44 (201 142 ,OO@ 3200 (2205) 
12.5 3800 (3.82) '12 (19 1 161,000 2E00 (19301 
The CoLCiitioLs tahnlated above wero then use; with the relationships drvehped 
i n  Reference 16, which relate  the requirG power, increase i n  enthdpy, and presswe 
ra t io  t o  the Zeametric parsmeters of the i4XCH. 
The pri;l;ary eqaation used in det-aing the operating speer';s and g e m t r y  of 
the MRCH is: 
( f t l sec)  6 -3-5 
hiere L = PStch Line Velocity of !lotor Lobes (ft /secl  
D = &btcr Diameter ( in)  
n = hatio c,r' Rotor Length t o  i t s  D i a m e t e r  
AH = Inc-ement of Enthelpy Added by Ifeater (Btuilbm) 
Pr = Compressiot r a t io  ol" Ztater 
= Heater Mass Flow (lbm/sec) 
Thus, for  E fixed rotor geometry, (n, D) , the  range of pitch l i ne  velocit ies 
throughclit %he operating range of the f a c i l i t y  is pr3portio)ial t o  the f e C t O r  AHG/J?r. 
This i-sctor w e s  from 556 tit. S - 3 iU $2 EA : = 3.2, a r w e  of 13 t3  1. 
single :.ITCH design, this produces a range of a i tch lirte velocit ies (and rprt! OF 13 
t o  i. 
the highest L (and qm), a . .uting i u  a very low torque requirement, w h l e  maximnn 
power- required o ~ c u r c  at p. much lower zqm, such tht required torque is very high. 
For a 
A complicating fac+m mises  'oecwse tf;e nirlmum power require& occurs at 
Analysis of the pider .me torque reqciremerlts .iw.%atei: ' thx a siwle MRCH 
design for such a rarige r.f input powa.- and ?itch l h e  velocit ies is  not prac'iicd 
tr-cti;-;;e c;f the euctret5i.ctory ;orque/i:u cha.racteriBtics, anJ because of +.he i p  
.:we omr  which the power d w c c  must be cnntinuously variable. 
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FIGURE 6-67 
BACKSIDE WATER COOLED TWOAT HEATING LIMIT 
FACiLlTY RESERVOIR CONDITIONS CORRESPONDING T9 THE 
lspuln Facilities 
- - n 
H Q 
0 
-- - 
2 
H e n - 
t Availkle fa Cariiams 
2 and InkfmitM Facilities 
- .  
0 >
1.000 - - - - 
5!x I I 1 I 
4.000 6mo 8,000 l0,rm ~,~ 
Resuvair Tt.pntue '% 
1 i I I I 1 m m 4EYI 5wo 6Dco 7000 
k 
MRCH eesign has been specifiez b-bich minimizes these prc3?.as,  
elthough introducing an a6di t iors l  problem assr;ciat.ed with shutting rick% one pair  
of rotors while the other pair  continues t o  operate, as requiree stave Mach number 
9.5. The b a s k  design consists of Two sets of rotors,  R large diam.?ter (45.9 Zn.) 
(117 cm: lov enthalpy range set ana 8 en;alL diame+,er ( 3 G . l  in . )  (76 m) high enthalpy 
range set. 
Gerr Carcpaay- f o r  pitchline velocity: 
Both sets w e r e  sized using the mide l i i e s  A+.aCned frm t h e  Philadelphia 
= 800 ft /sec (245 rt/sec) intermittect operation 
= 600 f t /sec (183 ml'sec) coii%inuous operation 
= 200 f t /sec (61 m/se=) 
Lmax 
Lmax 
Lmi3 
The limitation of = 200 at M = 12 establlshed the s ize  of the small. dim- 
e ter  rotor set. 
used f m m  M = 3 t o  8.5, aLd tha t  the small sct takes ov?r conpletely at that point. 
The large rotor s e t  aiameter w a s  sized so tha t  L = 800 a t  H = 3. 
"he method cf o3eration proposed i s  tha t  both se t s  of rotors are 
Figure 6-68 summarizes the operating characterist ics of the double ra tor  set. 
MRCH for tb.e maximum mass flow trajectory. 
IYCoo1vNIL& 
6- 159 
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& 1 - lb 
! 
I 
3 [ 556 I k 0  ' 106 
3.5 515 742 I 101 
': 1 '.52 664 I 36 
4.5 * ?+1 636 I 92 
5.5 s34 68 
6 410 $: 1 62 
6.> 480 690 87 
, 490 576 I 78 L' 
FIGURE 6-6b MRCH OPERP LING CHARACTERISTICS - ENGLISH UNITS 
- 
Power Torque 
kW f t-lb 
I 
i 
15.1 17,480 
26,450 
:+.2 I 37,603 
35.6 I 51,900 
36.5 58,700 
~ 45 66,600 
37 73,700 
76.5 I 102.800 
LWGE MACBINE I SMALL MACHItE I I 
6090 
5650 
5060 
5830 
800 
742 
664 
636 
7 
7.5 
8 
8.5 
u 
9.7 
10 
X. j 
ll. 
ll. 5 
12 
22.5 
4490 
4570 
4570 
4570 
4570 
4300 
a75 
1728 
1780 
1600 
1729 
1520 
199G 
5252 
590 
505 
j49 
406 
132 
690 
120 
157 
208 
300 
llg 
126 
253 
406 
237 
225 
2 15 
SO7 
176 
152 
20 4 
203 
235 
275 
245 
156 
536 
2?3 
189 
118 
59.9 
117.5 
1 I 
600 
600 
6 9 ~  
565 
286 
227 
Pouer 
kW 
188 
133 
88 
65 
k4 
42 
33.9 
47.3 
66.4 
79.4 
71- 5 
101 
106 
186 
234 
334 
299 
z 3  
-- 
325 
273 
206 
177 
142 
1€1 
f t-lb 1" 
42.0 
54.6 
59 , 800 
go ,000 
141,500 
176,700 
l75,Bao 
228,500 
254,000 
381,000 
655,000 
1,052,000 
1,033,000 
2,380,009 
230 
232 
4000 
3700 
3310 
3170 
2870 
3115 
2940 
3440 
2520 
2240 
2060 
658 
Tie dual i&or set MRCH ccccept i s  shown connected t o  the  scramjet engine test 
module i n  Figure <-65. 
ensure that  the lobes of each rotor sei, do not contact each other. The timix gears 
a3 n.-t carry full torque, but their design m u s t  accommodate the torque due t o  driver 
sh,u't rc ta t ional  spee3 dsmatcfi. 
NPCii must be provided with G servo control syste.. vhich w i l l  maintain both shafts of 
ea& rotor set t.0 very smal l  tolerances of rotatfonal speed and torque. 
The hel ical  timing gears whicn are shewn are necessary t o  
Whatever type of prime mover i s  chosen for the 
A very large amout of nechalical shaft  paver aust be provided for  each of %he 
two mtor sets .  As w6s discussed i n  Sccticls 6 . 3 . 5 ,  e lec t r ic  motors have a much 
lower powerr density i n  terms of power per square foot of f lmr area, compared t o  
sas turbhee .  The us2 of' both e lec t r ic  motors and gas turbines as power sources 
?OY the MRCX i s  shown i n  1'igdi-e 6-69. 
mFt?gment wing a t o t a l  of 10 gas turbine engines drivizg the MRCH through expan- 
s? on icr3ines. 
&-s.:;i i n  +;ne Laer half of the figure. 
et h8,oOO kV, is required. 
axis growing i s  used, which requires 8 se$s of 70,GCO hp (52,000 kW) class r ight  
heiich3 3wrs. 
'&e top half of the figure shoirs a possi3le 
The equivalent w-rengement mi.% synchronous e lec t r ic  motors is 
A t o t a l  of 12  synchronous motors, eech rated 
In  order t o  m a n g e  a suitable physical layout, an off- 
These gears are nearly three t h e s  the capacity of the k r g e s t  
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3 
3.5 
k 
4.5 
5 
5.5 
6 
6.5 
7 
7.5 
8 
E.5 
9 
9.? 
10 
10.5 
11 
11.5 
12 
12.5 
FIGURE 6 4 8 b  MRCH OPERATING CI1ARACTERISTICS - S.I. UNITS 
Y 10 
.586 
.5L3 
.487 
-465 
.4?2 
-458 . $32 
.%6 
.3?3 
.3sJ 
.268 
.144 
.I 24 
.363 
.a50 
.052 
.046 
.049 
- oh4 
.057 
lgl 
150 
1 210 
154 
137 
124 
40 
I 
-- 
L 
see 
3 - 
- 
243 
226 
232 
19L 
175 
141 
I&!, 
210 
183 
183 
183 
183 
172 
87 
69 
71 
64 
69 
61 
62 
- 
W 
k 
sec 
48.1 
45.9 
43.6 
41.8 
35.4 
30.8 
28.2 
39.5 
54.5 
71.3 
94.5 
136.0 
149 
120 
85.4 
60.3 
40.0 
3.5 
20.0 
19.0 
Power 
kW 
15.1 
21.2 
27 
35.6 
36.5 
45 
17 
76.5 
119 
126 
253 
306 
511 
440 
32 5 
273 
206 
177 
142 
161 
Torque 
-1r 
23 a662 
35,860 
51,000 
70,400 
79 , 500 
59 a3OC 
100,000 
139 , 500 
24?,000 
530,000 
850,000 
la137,OOO 
1,935,000 
1,8GO ,000 
1,465,000 
1,230,000 
985.000 
907,000 
773,000 
26L ,001) 
LARGE !-!ACHIiiE I 
1 
I I 
6090 
5650 
5060 
4830 
4380 
4760 
4490 
5250 
4570 
4 570 
4570 
4570 
4300 
2175 
1728 
1780 
i Ann 
1720 
1520 
19913 
107 
10 4 
97.5 
94.0 
8C.C 
69.0 
92.5 
92.1 
106.7 
124.8 
111.2 
70.8 
?wer 
lik- 
33.9 
47.3 
66.4 
79.2; 
71.5 
101 
136 
186 
234 
334 
299 
213 
Torque 
I=-f? 
~~ 
81,000 
122,000 
192,000 
239,500 
238,503 
310,000 
34$ ,000 
517 ,coo 
888,000 
1 ,li27,000 
1,400,000 
3,230 ,ooc 
such rgesrs curren t ly  manufactured (reference Section 6.3.5) , an& represent  3. ser ious 
techni-al  iiLILii(i<i3;1 &, tXs t t i e .  
t he  Kectric motor drive system cos t s )  w e r e  extrapolated from cur ren t  p r i ces  on t h e  
basis of power transmission capab: l i t y .  
Philadelphia G e a r  Con5a.n~ would not attempt t o  
est=--+- S L i x a w L  projected cos ts  f o r  these  g e a r s ,  so t h e  costs e s t i m t e d  here (groaped i n  
The magnitude of t he  t o t d l  ref!-uired i n s t a l l e d  power of t h i s  f a c i l i t y  as it i s  
specif ied is so l a rge  t h a t  t he re  vas t3 value i n  determining the e f f e c t  on cos t  OI 
incre,%ing the  t es t  sec t ion  s i ze .  
Ilybrid Zeater Scramjet T e s t  Faci3.ity (29 ) .  
the XRCH c:=\ncept should concentrate on re f in ing  the  concept t o  minimize the required 
power o r  on r ~ f n g  t h e  MRCH t o  augment other  beater types which themselves are 
expensive but genera lp j  do not produce pure air as the  tes t  rJedivu, as does t h e  X C H .  
The i s s e l i i l e  ? ' ac i l i t y  concept fo r  E8 has beec choscn as t h e  MI'rCH, powered by 
gas t -ub ine  dr ivers ,  and sizet? f o r  a 15 ft2 (1.39 m2) scrm.jet  engine t e s t  modi!.le 
ca2tllre area.  
l i n e ,  with *.he exception t.hat power fo r  t he  MRCH i s  prcvided by synchronous e leckr ic  
motors. 
cept as shown i n  Figure 6-71, bcth of wnich show a sircplified schematic drawi-,g ol' 
the  e n t i r e  f a c i l i t y  v i t h  a w c i l i a y  sys tems.  
A study of th:; nature  i s  presented fer t h e  
Future s tgdies  regarding the  u'o of 
For cost comparison, t he  a l t e rna te  concegt is i den t i ca l  t o  '..he 't.a;e- 
The basel ine concept i s  i l l u s t r a t e d  i n  Figure 6-70, and t h e  a l t e r n a t r  con- 
M C ' m . V W E L L  AIRCUAFT 
ti-161 
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FIGURE b 9  
ALTERNATIVE DRIVE ARRANGEMENTS FOR SCRAMJET TEST FACILITY E8, 
BASELINE, 15 SQ FT (I -39 d) CAPTURE AREA 
I I -.- 
Rifi Helical G u n  
(8 Sets Tal) 
L .  &tats Capobla d lklivaing 
0 :o 25 50 Up to 6,CW kW (12 Tdal) 
Feet 
v 1 Total Mtirecompessioa 
24S,oOO kW fa 45 In. (114 cm) Dia. MRCH 
P ~ m r  - 710,000 kW 0 5 10 15 
WHS 
465,ooO kW fM 32 La. (81 a) Db. llRW 
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FIGURE 6-70 
SCHEMATIC LAYOUT 9F E8 SCRAhUET ENGINE TEST BASELINE FACILITY 
(Multicompression Heater Driven by Gas Turbines) 
6.3.8.1 
of t h e  ? - -  
dit:; : '-,k i n  the previous section f c r  the max imum mass f l o w  l i m i t  l ine .  
Thc- fi . .* $1 .- qera te  t o  the minimum mass flow l i n e  indic&ted i n  Figure 
6 _ -  '. - c:e the same f o r  both the baseline definit ion,  powere: 3y 
g. % .le * - ?:e al ternate ,  which i r  powered by synch~onous e1ectrj.c 
Ppecr;' -- _. f!.cations - The follouiny table presents the methanisal specifications 
.-- x - J m x e s s i o n  heater scraujet  t e s t  f a c i l i t y .  Heater operatirg con- 
_. '? 
i,,.. 
m. i 
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FIGURE 6-71 
SCHEMATIC LAYOUT OF E8 SCRAMJET ENGINE TEST ALTERNATE FACILITY 
(Multirecanpression Heater Powered by Electric Motors) 
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o Enqine T e s t  Leg rescription 
SJ/CSJ Engine Cz2ture Area 
Nazzle Geometric k e a  
Module Cowl Area 
15 f t2  (1-39 m2) 
3.45 f t 2  (.32 m2) 
2.65 f1.2 (.246 m2) 
Flight Mach Numer Range 3 t o  12.5 
Altitude Range 
Stagnation Pressure Range 
Stagnatio,: Temp :ratme Range 
hiass Flow L i m i t  (Nozzle) 
45 ta 160 k f t  (13.7 t o  49 
10 ts 7000 psia  (6.8 t o  4830 Wan2) 
ll0 t o  9500'R (610 t o  5300'K) 
354 lbm/sec (160 kg/sec) 
Run Time Continuous 
o Thermo/Structural Test Leg Description 
Flow Parameters Same as Abo.re 
Aerodyn&c Nozzles 
Design Mach Length Giameter Constant 
Number ft (m) ft (m) Velocity Core 
ft (m) 
6 U.7 (6.6) 4.8 (1.46! 3.58 (1.12) 
9 41.7 (12.7) 8.9 (2.71) 6.08 (1.851 
10 5b.1 (16.5) 10.83 (3.3) 7.30 (2.27-j 
12 63.3 (19.3) 15.32 (4.67; 7.41 (2.26) 
o Air Comrxessor Description 
Maximum I n l e t  Volumetric Flow 
Maximum Pressure: 
358,000 scfm (10.130 m3/min) 
275 ps i  (190 N/cm2) 
NOTE: Only moderate pressures are provided by the air compressor, since 
with 2 2 s ~  well air inlet, the MRCH does most of the compression. 
6.3.8.2 
the cos% es t imted  f o r  each of the f a c i l i t y  components. 
the methods discuss&! i n  Section 6.1. 
g i l i t y  Csmpanent md Cost Smmarjr  - F i p r p  6-72 shnws R compilation of 
Estimates were made by 
The tabulated cost estimbtes show t h a t  the alternate f a c i l i t y  would cost 
approximately 50% mox than the baseline facility f o r  acquisition, and wmld cost 
twice as much as the baseline f a c i l i t y  +ic; aperate. The only difference between 
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2.3 Ikchanical Components (compressors, inter--  
coolers,  o i l  f i l ters  , zir dryers. motors, 
controls ,  d i s t r ibu t ion  niping).  
2.2 E iec t r i c  Substation ( f o r  ccmpressor m t o r s  
and, f o r  t h e  a l t e rna te ,  f o r  MRCH drive! 
3.  Water Cooling System 
I i&;umps, heat excnanger , piping & valves 
Gas m.,.-?.4 . ,U,nc Drive Systerr (basel ine facility; 
<GEh/J5P gas turb ines  (io) 250,000 kW power 
turbjncs  (2), 16c,ooo kW power tulrbines (2) 
tu rb im intake & exhaust tower?' 
- 
1.- 'tu,. 
- 
yo. Elec t r i c  Motor Drive Syst-em (a l t e rna te  fac i l . i ty )  
(65,000 kW synchronous motors (121, 2500 kW 
wound ro to r  s t a r t i n g  motors is) ,  5000 kW wound 
r o t m  s t a r t i n g  motors (2 ) ,  MG s e t s  (12) 
FIGURE 6-72a 
FACILITY COMPONENT AND COST SUMMARY 
- 
32,145 
3,584 
1,000 
80,000 
- 
FACILITY COMPONENT 
1. T e s t  Leg Sub Tota l  
1.1 Rulti Recompression Her.ter Assembly 
(casing;  high enthalpv ro to r s  , timing gears ,  
shaft.ing & couplings; low enthalpy ro to r s ,  
timing gears ,  shaf t ing  & couplings) 
1.2 Engine XoGule  T e s t  Section Assy. {f re s su re  
enclosure, hea%er attachmerrt f i x t u r e ,  water 
cooled th roa t  biock, nozzle hinge arm, f l e x i b l e  
p k t e  and s ide  p l a t e s ,  adjustnent jack & f ixed  
block hot w a l l  s t ruc ture ,  f ixed contour &just- 
able nozzle p l a t e ,  t h r u s t  stend & balance, 
replaceable engine expansion nozzle, hinged 
d i f fuser  entrance ramp, t r a n s i t i o n  sect ion)  . 
1.3 AerQa-naic  Nozzle Adaptation (water cooled 
th roa t  assemblies ( 4 )  , water cooled nozzles 
( b ) ,  test cabin assembly, d i f fuser  t h roa t  
sec t ions  snd ada2ters.  1 
1 . h  Test Module Bed & Transfer TFacks 
1.5 F a c i l i t y  Enclosure 
COST ESTIMATE 
$1000 ' s 
Baseline 
21 , 294 
16,000 
3,000 
1,170 
178 
946 
Alternate  
16,000 
16  , 000 
3,000 
1,170 
178 
9,463 
54 , 72s 
32,145 
22,584 
1,000 
~~ 
126,000 
MCDocycyBU A8-m 
6-166 
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6. Control Complex Sub Total 
FIGURE 6-72a (Continued) 
E8 FACILITY COMPONENT AND COST SUMMARY 
2,900 
5 .  Fuel System - LH2 d i s t r ibu t ion  & control  I 7: 
6.2 Automatic F a c i l i t y  Control System 
6.3 Instrumentation & Data Acquisition System 
(transducers , amplif iers  , pover supply, analog/ 
d i g i t a l  connecter , t ape  recorders , closed 
c i r c u i t  Tv) 
7. Steam Ejecto:r --  
400 
1,100 
1,165 
r 1,400 
Total  
Contingency @ 10% 
F a c i l i t y  Cost 
A & E Fee @ 6% 
Mgt . & Coord. Fee @ 
Grand Total  
142,159 
156,375 
14,216 
9,380 
6,250 
172,005 
71 
2,900 
1,400 
400 
1,100 
-- i Y 165 
~ 
208,159 
228 , 975 
13,738 
9,159 
20 , 816 
251,872 
these versions i s  the method of dr iving t h e  multirecompression hea ter .  
seen t h a t  t h e  power cos t  i s  the  l a rges t  of t h e  operating cas t s ,  and from t h e  base- 
l i n e  system "pie" char t ,  i s  t h e  l a rges t  fac i l i ty  acquis i t ion  cost;. 
t h e  l imi ta t ions  GP the simple cos t  estimating procedures used i n  .Phase 11, tk?c gas 
tu rb ine  drive i s  by far the  most economical and would be preferred.  
It may be 
Clearly,  within 
The "pie" char t  shows aga5n t h e  cha rac t e r i s t i c  of high pressure and high tem- 
Derature continuolls faci l i t ies  t h a t  the eqidpment reeded t o  provide t h e  flow i s  
much more cos t ly  t h u  the  ac tua l  test l e g ,  and ind ica tes  t h a t  t o  improve the  qua l i ty  
of t h e  cos t  estimates the  main effort must be t o  r e f ine  i n  d e t a i l  the  f a c i l i t y  flow 
and pressure reqGirements, and t r a n s l a t e  these  i n t c  very complet2 auxi l ia ry  equip- 
ment specifccat igns.  
6.3.8.3 
aerodynamic nozzles , test cabin, and d i f fuser  components , are  bas ica l ly  of conven- 
t i o n a l  s i z e  and dezign end have the highest  confidence l e v e l  of 5. 
t e s t  .:>ct?';n d x s  incorporate a combination of aerodynamic devices such as the  sfngle  
jack . <r;xible nozele, t he  uncooled r e f r a t t o i y  metal nozzle w a l l ,  and t h e  f ixed  con- 
t o .  * rozzle  f o r  t a i l o r i n g  of engine exhaust conditions , which have never been used 
i n  -&is combination t o  date  &id therefore  has been gi-ren a confidence l e v e l  of 2. 
Development Assessment - The components of  t he  tes t  l eg ,  t h a t  i s ,  the  
__L- 
The s c r m j e t  
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FIGURE 6-72b 
DISTRIEUTiON OF FACILITY COMPONENT CUTS - €8 
and 
I 
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Operating Costs - Dollars/Occupancy Hour I- Reoair and Maintenance 
FlGURE 6 - 7 2 ~  
E9 OPERATING COST SUMMARY 
Base!ine I Ah;: I 2,052 
I Siaffing t 1,coo I 1,oi)o I 
6,412 
Power 
Total 
scramjet module which i s  in s t a l l ed  i n  the tes t  sect ion W i l l  be iden t i ca l  i n  config- 
urat ion,  materlals, ancl conotructioi, t o  t he  engine which it rcpreseiits, and T i l l  
have the  sale design and developi.ent problems as the  engine. . se  problems will 
probably be associated with materials and the  cryogedc regene:?stive crol ing system. 
If ac tua l  engine s t ructures  are not being evaluatc3, performance data can be obtained 
usi.ng water cooled copper boiler-plate engine modU;es would have 6. higher 
confidence leve l .  
The multirecompression heater has many development problems which will h.ave t c l  
A t  t h i s  t i m e ,  the  con- 
having been done on 
A th ree  p h u e  devel- 
be solved before the  concept can be considered operational.  
cept i s  pwely ana ly t ica l ,  t he  orJy experinental da ta  avai labl  
a very srnhi; scale  and a? low enthalpy an? pressure,  i ts  confidence l e v e l  i s  very 
 lo^, approximately 1 CL t he  scale  defined i n  Section 6.2.8-3. 
o p e n t  prc_mam i s  needed t o  make the  MRCH concept operational: 
Phase I - Theory ve r i f i ca t ion  on a 1 percent model of the f u l l  scale  
version, in-Lermittently operating, witn maximum mass flow of 
4 l’o/sec (1.8 kg/sec) . A flywheel can be *sed t o  s tore  
energy md reduce ’che power required t o  about 600 kW. 
ro to r  design would be used fir<::+. t o  ve r i fy  the  thermodynemic 
cycle and es tab l i sh  p rac t i ca l  e f f ic ienc ies .  
a dual ro tor  MRCH k.ould be ilsed t o  solve the  protlems associa-ed 
with operating two s e t s  of ro tors  a t  d i f fe ren t  speeds and powers 
ar.5 with bringing the l m p  ro tor  set t o  rest while t he  small, 
high energy set  i s  running without overheating t h e  ?.topped ro tors .  
A singlr: 
A t  a l a t e r  s tage,  
Phase 11 - Operational developmert of a contimiovs operatlng, dual ro to r  MRCH 
at 10 percent of the  fu l l  sc9,le s i z e .  
mass flow of about 40 Lb/sec (18 kg/nec) and ha;re a t o t a l  installed 
power of 6c.000 kW. 
f a c i i i t y  . uld be used. Thz main goals of th5s Cave’i7pment 3,hase 
would b; . . -~~pes t igc t ion  of the  d y n m c  respcnse of t he  sysTem, 
develop-en5 
menhanicai development G; the  MRCH components f.)r ccnt inucx  
operation. 
This machine would have a 
“he prhe &over selected fo? t h e  f u l l  sca1.e 
! a precise coii‘urol system f o r  t he  dual ro to r s ,  and 
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Phase I11 - Ogerational checkout of the f u l l  scale NBCH and integratjon wit'n 
the to t a l  fac i l i ty  system is Farformed i n  this  phase. 
successfully developed p. 10 percent scale operating model i n  
Phases I and 11, the problems encountered i n  th i s  phase &re those 
twsociated k-ifki irffitalling and integrating any large scale system 
whtse c2erating principles have been provedr and a confidsme 
level of 4 would be expected. 
Having 
No serious &sign effort sboxld be contemplated on any fac i l i ty  concept using 
an MRCH without having successfUly completed a development program similar t o  that  
described, for without such confirmation of theory and the solution of practical 
operating problems , the MRCR concept I s  , by definition, a confidence level of one 
device . 
M a n y  of the expected problems are related t o  the basic definition of the 
faci l i ty ,  with its large page  of m a s s  f l O * i  and enthalpy conditions dictating the 
use of a dual rotor. The design of a siiall dim&.er, siugle rotor-set heater for 
the MEch 9 t o  12  range would probably bc much easier and might be corsidered as an 
interim step i n  the development of E8, Adaptation of t h i s  s m a l l  heatel. as an ad- 
junct t o  the conibustion heater of E9 should be considered as a long ranQe addition 
t o  that faci l i ty 's  capabiuty. 
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6.3.9 
t o  t e s t  scramjet engine and convertible scramjet engine moGdes, on a continuous 
HYBRID HEATER SCRWJET ENGINE !EST FACILITY (Eg) - This f ac i l i t y  is designed 
basis,  through the f l ight  Mach number range of 3 t o  9 and a t i t u d e s  from 45 t o  145 kf t  
(13.7 t o  44.2 km). 
modules ewivalent t o  up to  1 5  ft2 (1.39 !a2) capture area. 
fac i l i ty  are proposed, differing physically only i n  the type of heater used. 
A modified direct  connect test technique is  used, testing engine 
Two versions of t h i s  
The baseline definition uses a dual mode of operation. 
which burns carbon monoxide, a i r ,  and oxygen is the steady state heater, and pso- 
vi&es vitiated air t o  the engine module on a continuous basis. 
t ion is shown i n  Figure 6-73. The combustion heater i s  used t o  run the engine 
module up t o  cruise conditiorrs and perform long term PFRT endurance tests on Yne 
engine. 
is used t o  provide heated air, on a blowdown cycles t o  the  engine for pure air 
performance testing. 
dual mode operational concept is cri-bical t o  the ent i re  t e s t  philosophy of the E9 
fac i l i ty ,  since the combustion heater w i l l  be used t o  duplicate a real-time test 
trajectory, heating the materials and structure sf the engine module identically 
t o  the f l ight  case, u s h g  vi t ia ted air. 'This avoids the  thermal shock t o  the scrm- 
Jet  module materials that  would occux- i f  a given t e s t  point was suddenly established 
in a blowdown faci1i';y. With the engine &ready running a t  f l i gh t  duplicated condi- 
tions i n  vitiate-d air at a given test p i n t ,  the heateZ air blowdown cycle is 
established with no change i n  test conditions except for  the  gas composition. 
schematic'of t he  hybrid heater system is shown i n  Figure 6-74. 
A combustion heater 
This heater combina- 
The other mode of operation is provided by a zirconia storage heater which 
"his The duration of the air  blowdom cycle is up t o  60 sec. 
A 
The alternate f ac i l i t y  definition uses an inductively heated graphite matrix 
heater, which continuously heats nitrogen. A plenum chamber is  used t o  mix the 
heated nitrogen with oxygen i n  order t o  approximate the chemical composition of 
air. 
' b i l i t y  being provided. 
providing nitrous oxide i*sction t o  the  plenum section for higher temperature 
vitiated air testing. 
and w i l l  not be discussed further. 
and a schematic of the f ac i l i t y  equipped with the graphite heater is  shown i n  
Figure 6-76. 
This heater arrangement is  used throughout the  ent i re  test, no blowr?own capa- 
A further addition t o  tes t ing capability could be added by 
This should be considered as a far-term f a c i l i t y  improvement 
The graphite heater is  shown in  Figure 6-75, 
The test leg of t h i s  f ac i l i t y  is  designed on a modular basis, with the  heater 
and a fixed diffuser installed i n  a fixed location. 
instal l ing the  scramjet engine test module and its connecting piping. This a?range- 
ment is shown i n  Figure 6-50. 
the heater can also be used f o r  the thermo/structural tes t ing of f u l l  scale a i rc raf t  
components or  sections. 
nozzles, a test cabin contalning the test specimen, and a diffuser adapter i n  place 
of the  engine test module. Longitudinal 
tracks are provided for  axial  translation of the engine test module and the  nozzle 
t e s t  cabin, and l a t e ra l  ';racks are provided for moving the various components t o  
set-up and storage areas. 
Engine tes t ing is done by 
The pressure, temperature, and flow rate produced by 
This i s  done by instal l ing one of a set of water-cooled 
This arrangement fs shown i n  Figure 6-51. 
Details of the scramjet engine test section module are shown i n  Figures 6-47a, 
A description of the philosophy of modified direct-connect tes t -  
-. 6-4n, and 6-48. 
ing of scram and convertible scramjet engines, along with descriptions of the unique 
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FIGURE 6-73 
E9, HYBRID COUUSTlONiSTORAGE HEATER SCRAWET ENGINE TEST FACILITY 
Hob?: 
C a h  yknoxidc is Su~dIed fran 
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barn je t  Engine Tes! Section 
(See Fwxe 6-47 for Details) 
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........... 
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FIGURE 6-74 
SCHEMATIC LAYOUT OF E9 SCKAMJET ENGINE TEST BASELINE FACILITY 
(Carbon Monoxide Continuous Heater and Zirconia Pebble Bed ISeater 
For Intermittent Performance Testing) 
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FIGZRE 6-75 
E9 ALTERNATE, INDUCTIVELY HEATED GRAPHITE SCRAMJET ENGINE TEST FACILITY 
Suamjet Engine Test Section r (See Figure 6-47 fa Details) r aabttdod Round to Rectana br Transition Section r Zirconia Brick Lining 
-Alumina Brick Lining 
(Bebind Induction Coil) - Silicon Carbide hi& 
-Drilled Graphite Discs 
- Nitrogen Gas Inla 
I I I I I I  I 
0 1  Meters 5 
0 1  5 10 15 20 
k a l e  - Feet 
I I I I 
MCDONNEU A8-A- (Page 6-178 i s  Blank) 
6-177 
,:.;JET ENGINE TEST FACILITY 
Suacjet Engine Test Section 
(See Figure 6-47 for Details) - 
:k Lining 
iction Coil) 
* ?  €!rick 
.. 
w 
lnla 
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FIGURE 6-76 
SCHEMATIC LAYOUT OF E9 SCRAMJET ENGINE TEST ALTERNATE FACILITY 
(Graphite Induction Heater) 
@ Test Leg (&E Figure 6-47) 
@ Cryqjenic Fuel System 
@ Steam Ejector System 
@ CantolRoom 
@ High Frequency Generators 
@ Gas Tubine Rive 
@ Interchangeable Tkrmcdy,nrnic/ 
Structures Test Leg (See Figure 
6-44) 
MCDONNEU AIRCRAFT 
6-179 
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zechanicd  d e t a i l s  of tile t es t  sec t ion  module a re  found i n  Section 6.3.3. 
The dimensions of t h e  aerodynamic nozzles which are used f o r  thermo/structural  
t e s t i n g  are  shown i n  Figure 6-49a. 
are a l so  shown i n  t h i s  figure. 
i n  Section 6.3.4. 
Estimtes of  the po ten t i a l  flow core diameters 
A descr ipt ion of t h e  use of these nozzles i s  given 
The hybrid heater system, consis t ing of t h e  carbon nonoxide combustion chamber 
f o r  steady state running and the  zirconia heater f o r  in te rmi t ten t  operation Kith 
a i r  i s  a new concept. 
heated by a CO-Air-02 burner. 
unique t o  warrant a r a the r  lengthy explanation. 
The air heater  i s  of conventional design except t h a t  it 5 s  
The carbon monoxide combustion chamber i s  su f f i c i en t l . -  
The concept of a non-hydrocarbon combustion process W a s  conceived of i n  Phase I 
because of a des i re  t o  bave a tes t  gas en t i r e l j j  free of  water vapor i n  order t o  
avoid deleter ious e f f ec t s  on scramlet engine re f rac tory  materials. 
f o r  Phase I was t h a t  of combustion of carbon which had been ground t o  a saitable 
s ize .  
of producing, grinding, and burning carbon i n  the  quant i t ies  required fo r  the 
f a c i l i t y .  
tesrperature, the problems involvea i n  supplying 3 n e l y  ground carbon a t  the flow 
rztes required have l ed  t o  a d i f f e ren t  concept. The main problem i s  grinding l a rge  
quant i t ies  of  carbon. The Sturdavant M i l l  Co. , a producer of vortex-type carbon 
grinders,  have current designs which can gr ind 8-10 l b  of  carbon pe r  second, which 
i s  orders-of-magnitude l e s s  than required. 
The ides used 
The Cabot Corporation, Boston, Mass., bas given much thought t o  t h e  problem 
Although d i r e c t  cambustion of carbon has the po ten t i a l  of very high flame 
The new fuel concept used i n  Phase I1 w a s  proposed by Cabot Coq .  Figure 6-73 
shows some details  of t he  combustor and Figure 6-74, the  f a c i l i t y  schematic, 
indicates  t he  relatiGnShipS af a l l  the  f a c i l i t y  components. 
Basical ly ,  t he  nev concept i s  the  d i r ec t  combustion of carbon monoxide , a i r ,  
an8 oxygen fo r  a l l  f a c i l i t y  temperatures above 2500% (i39OoK). An e l e c t r i c  air 
pre-heater, which i s  needed fo- the combustion process myway,  is  used alone f o r  
temperatures less than the lower combustion l i m i t .  
ia a CO reactor .  
temperatuze of the carbon black is  ra i sed  i n i t i a l l y  with sn a u x i l l i a r y  burner and 
-$hen the c r i t i c a l  temserature i s  a t ta ined ,  oxygen i s  flowed i n t o  t h e  burner from the 
bottom. A continuous , self-sustaining react ion i s  a t ta ined ,  and pe l l e t i zed  carbon 
black and nxygen a re  supplied i n  the  correct  pyoportions t.0 replace the  hot  carbon 
monoxide being produced. 
Tce carbon mnoxide is  produced 
The reac tor  i s  a s h e l l  t i l l e d  with pe l l e t i zed  carDon black. The 
The carbon monoxide thus  nsnufactured i s  burned with heated a i r ,  and oxygen, i n  
the  combustion chamber during the  combustion cycle t o  produce v i t i a t e d  air. A small 
amount of carbon monoxide is  a l s o  used to supply t h e  burner of t h e  zirconia  pebble 
bed during i t s  heating cycle.  A cerbon monoxide heat exchanger arid a c c - d a t o r  i s  
provided t o  cool and s to re  some of t h e  CO when the  f a c i l i t y  mass flow requires  l e s s  
CO than i s  being produced i n  the  reac tor .  This s tored carbon xUOnOx?de i s  then used 
during peak f a c i l i t y  CO consumption t o  augment the  steady s ta te  CO production. 
The f a c i l i t y  m a x i m u m  m a s s  flcrr limit l i n e  5s bounded by the Po = 3000 p s i  l i n e  
(2070 N/cm2) and the  To = 6000'R l i n e  (3330'K). 
stagnation conditions and t h e  t o t a l  m a s s  flow based on those limits. 
Figure 6-77 shows t h e  f a c i l i t y  
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FIG!JRE 6-77 PAXIMUM FAC'JLITY OPERATING CONDITIONS - E9 
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35 
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4 5  
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6.5 
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75 
8 
85 - 
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9 5  
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126 ( 87) 
191 ( 132) 
247 ( 171) 
280 ( 193) 
318 ( 219) 
352 (243) 
518 ( 357) 
900 [ 620) 
1 3 a  (lis} 
1915 (W2Q 
3000 (2mq 
3M0 (207Q 
3MH1 ,2070) 
3m (2070) 
1W ( 6 0 0 )  
:4a ( 777) 
lSl0 ( 950) 
1980 (1100) 
2280 (1270) 
2800 (1556) 
3150 (1750) 
3610 (2010) 
3960 (2200). 
4400 (2445) 
4700 (2610) 
51w (2830) 
5 7 E  (365) 
6MJ (3330) 
6m (3330) 
Combustion tables were calculated by &bot Corp. 
340 (154) 
323 (147) 
306 (139) 
289 (131) 
238 (108) 
204 (93) 
187 ( 85) 
255 (116) 
3 8  (139) 
340 (154) 
354 (161) 
351 (162) 
248 (113) 
139 ( 63) 
116 ( 53) 
ising the Naval Ordnance T e s t  
jtation Propellant Evalutvtion Comguter Program which presents the input constituents 
-equirud and the  chemical campositian of the combustion products as a function of 
:lame temperature. 
-79. The relat ive proportlons of input constituents vyed i n  the computer calcula- 
;ions were chosen t o  pzaduce a molar fraction of molecu'.ar oxygen i n  the combustion 
iroducts ident ical  t o  tha t  i n  f ree  air. This was done by assuming 8 simplified 
iodel f a r  the reac t im.  This nodel is i l l u s t r a t ed  below f o r  a generalized hydrocarbon 
he1 : 
The r s su l t s  of these calculations are  shown i n  Figure 6-78 and 
6.3-6 H20 + m C02 + c 02 + .788476 a N2 2 
The subscripts m, 11, p,  define the chemical composition of t he  fue l  and a and b 
.efice the amounts of air and oxygen volumetric inputs. 
'or the oxygen balance gives: 
Solving equation 6 -3-6 
E + .211524 P. + b = z + m + c 6.3-7 2 
Letting 'J equal the concentration of  molecular axygen i n  the combustion 
roducts, equation 6.3-i i s  expressed: 
Y =  C 
fz i- u + c + .788476 a 
2 
6.3-8 
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FIGURE 6-78 MASS FRACTIONS OF INPUT CONSTITUENTS AS A FUNCTION 
OF TEMPERATURE FOR CARBON MONOXIKIE-AIR-OXYGEN COMBUST!ON PRUCESS 
c I I I & 
0 loo0 ZOO0 3000 4ooo 
OK 
Combustion Tampcribre 
Equations 6.3-7 and 6.3-8 can now be solved for  c 
C 
and 
C 
Solving e quat ions 
of the  input oxygeD; 
b = n [ w ]  '+ 1-y 
= 5 + .211524 a + b - - m 6.3-9 
(" + m + .788476 a) 
- Y  2 
1-Y 
6.3-10 
6.3-9 and 6.3-10 simult,aneously for  b ,  t.he volumetric f rac t ion  
Tbis result i s  general, for  any fue l  anti szy Concentration (y) of  oxygen i n  the 
combustion products. 
equal t o  the free air  concentration o f  oxygen, which is .211524, t h e  coeff ic ient  
of R is 0, and the  in te res t ing  result - is t ha t  the amount OS input oxygen r e q d r e d  
For the combustion products desired f o r  engine t e s t i n g ,  y i s  
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FUEL cmacAL 
Co;.Ip-. 
Pure Carbon C 
Carbon Black CtF 
Carbon Emoxide co 
P-ropane c3w 
cK4 i I Hethme 
i s  a s t rs ight  function of the composition of the fuel used. 
m n P b = O2/F7JEL RATIO 
1 0 0 1.268269 
1 0 1 .76a27 
3 8 0 6. $7789 
8 1 0 10.53029 
1 4 0 2. ti0481 
and the fuel/cxygen r a t io  is emsttint for  aU flsrse temperatures. 
showri below for  varicuuc fuels: 
Tnis result  i s  
For carbon ixaoxide, .76827 ooles of 32 for every Eoie of fuel yere used 
i,n the liCES ccqx te r  srogrtiln v i th  vzrying anounts of sir. 
teqerat .uz and chexiicd. coastitation of the gxducts zs shown i n  Figure 6-79 were 
obtained. This prcqres, uses 8 n3re soshisticated cwbustion =del thac the sj-nple 
osc developed here, w i t h  constitidents such as CO, X2, X02, a d  C iccluded. 
fornation 3f these px iuc t s  causes the results to  deviate slightljr from t5e 
constant y = -2ll52&, b u t  it is  seen the% it is quite possible t o  a t te in  211 essen- 
t i e5  cms ta i .  free oxygen content for englue testiag. 
The result ing flame 
'&e 
The graphite heat.er specified as tke d t e r n z t e  heater t y p  i s  sized t o  povlde 
tine m s s  flow schedule a;i the combusti03 heater baseline fac i l i ty .  %e heater 
is u.sxl t c  prcvide cltrogen s;t tmiseratures up t o  5000°,3 (278C°K), vhich is nixed 
vith oxygen tc prc-ride the corrzc-t air cmpositicn for  ezgice testing. The heater 
tiesigc is base2 on the IASA Levis Pluzbroolc facil if ,y heater, bct requires approxl- 
mately 210 t k e s  &&e powel. cif  the  EASA heater. 
interzit tent.  X gzs t-mbine pwer plant is  grovided for  the induction coils which 
is indepen6-ent sf ell ct!&er f ac i l i t y  sower sources, and whlcfi runs st a consta-k 
o@ut freguency. %is heater wzs i a c l u e d  as an eltern&te p r i m i 7 u  t o  pravide a 
Q L - W ~  cost comparison between a cciihit ion prccess md ul e lec t r ic  heeter cs a 
coctiruous, high c;lthal?y source for scrarrjet testing. 
6.3.9.1 
of the e hybrid heater s c rmje t  engine test fec i l i ty .  Hester operating conditions 
have been 'veri ic the grevious section for the mxinum ~ 3 5 ~ s  fiov l Z e t  l ine.  Fie 
fac i l i ty  w l l l  d s o  operate t o  the lrininum mass flou l i m  indicate2 in  P i w e  6-1;5c. 
@eration is continuous rather than 
-. 
Suecificaticris - n e  following table presents the mechanicel sgecifica+,ions 
o Engice T e s t  Leg Description 
2 S J / C S J  Engine Capkre Are& 15 I* (1.39 m ) 
2 
Wdule Covl Area 2.55 f?? 
Eczzle  Gemotric Area 3.45 :'t ( :. 
Flight Each rlumber Range 3 t o  10 (9 for alternate) 
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FIGUHE 6-79 
Pi3ODUCTS OF COMBUSTION AS A FUNCTION OF TEMPERATURE FOR 
CARBON MONOXIDE - AIR - OXYGEN COMSUSTOR 
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Altitude Rage 
S t w a t i o n  Pressure L i ~ t  
45 t o  145 k f t  (13.7 t o  4k.2 h) 
30GC psia (2073 1i/c3 1 2 
Stagnaticn Teqerature Rarige 
W e E n e  - Contimais F l ~ v  1080 to 6 8 0 0 ~ ~  (600 t o  3330°K) 
Intermittent (Air) 1080 t3 li500% (6CO t o  25COOK) 
Alterncte - 1080 t o  liCOCoIi l600 to 2224%) 
HUn!rin!e Co=tinuous fo r  Vzitiated air frcn conbustion 5eater a d  for  
- %Le alternete he.=ter9 60 see for the beseline blowdovc cycle. 
Flov Parameters Sene es above 
Aerodynaaic Sozzles 
Design Y f c h  Le;lC;th Diameter Potential Core 
H d e r  f t  (n) ft  (GI ft (E) 
6 21.7 (6.6) 4.8 (i.46) 3.68 (1.12) 
9 41.7 (12.7) 8.9 (2.71) 6.08 (1.85) 
10 54.1 (16.50 10.83 (3.3) 7.3 (2.21) 
x.2 63.3 (19.3) 15.32 (4.673 7.&1 (2.26 
o Cmpresscr DescriptSm 
Iiaseline Facil i ty - Steady state .Gr coL;Dressor capacity is 
287,00@ s c k  (E125 m3/nin) at 6000 psia (4130 K/cm2) 
-4lternate Facil i ty - S t e d y  stete nitrogen compressor casecity i s  
224,000 s:fsl (6330 m3!min) at 6000 p i a  (4130 E/cn2) 
Stebdy s t e t e  oxygen coqressor capecitp i s  
53¶22Q scfa (1790 n3,'min) at QOO psia (4130 1T/cm2) 
0 Electric Heater Eescription 
Basellre Facil i ty - Efectric preheater nax. pover is 100,000 kV. 
Alternate Fazil i ty - Graphite induction heater nax. p v e r  is 630,000 kW. 
5.3.9.2 
the costs estimated for each of the  f a c i l i t y  components. 
the methcds dhcussed in Sectim 6.1. 
Facil i ty Component and Cost SumarJ. - Figure &&a shows a corcpilatiori of 
Est imates  were made by 
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Baseline 
FIGURE 64Oa 
E9 FACiLlTY COYPOHEdT AND COST SUYNARY 
Ut ernat e 
Fac i l i ty  CoEponent 
1. TEST TLEG Sub T o t a l  
1.1 Engine Xadule Tes t  S e c t i m  lssembly 
( S a m  .ss i n  E8) 
1.2 AeroQzamic Sozzle M q 5 ; t i a n  (Sam! as 
i n  E8) 
1.3 T e s t  Mociule &d aad TreJsfez ?racks 
1.4 Faci l i ty  Ericlcscre 
2. CO3PRESSOEI PLANT ( W e l i n e  Fac i l i ty )  Sub Total. 
2.1 Mechanical CompmeEts (Air 2ompressor , 302 
Pump, L'I2 Gesifier and Accumuletor, Motors, 
Piping and Valves * Air Storage 'r"8nk, LO2 
Storage ) . 
El t c t r i c  Substation (For Compressor H o t o ~ s  ,
Pump Motors , Elec t r ic  Heaters ) . 2.2 
3. WATm C'IOLING SYS%& 
(Pumps, Heat Sxchanger , Piping and V a l v e s ) .  
I - .  CARBOZi MOHOXIDE SYSTEM (Bastl ine Fac i l i t y )  
a. (CO Re8cbor, Pel le t ized Carbon Black Storage 
and Transfer, CO Accumuletor, E lec t r ic  Pre- 
heater , Combustion ChaaSer a Pipicp pnd 
Control Valves. ) 
5 .  ZIRCONIA HEATER SYSTE2.I (Baseline Fac i l i t y )  
a. (Pressure Shel l  a Refractory Lining, Alumina/ 
Zirconia Matrix, CO- &i r -O2  Burner. ) 
FUEL SYSTEM - LH, DISTRIEljTION A35 ZLMKOL 6. 
L 
7 
4 ,821 
3,000 
f ,i79 
3 78 
473 
37,926 
~~ 
35,280 
2,646 
~~ 
1,000 
7,000 
b ,030 
71 
3,000 
1 1 - \  
y- ! L 
i , 4 s ~  
- 
3,030 
1,000 
71 
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8.1 Lab/Of f ice/Control Building 
6.2 Automatic Fac i l i t y  Control System 
8.3 Instrumentation and Data Acquisition System 
,'l-ransducers , Amplifizrs , Power Supply, 
An&iog/Digital Converter , Tape Recorder , 
Closed Circuit  TV) . 
FIGURE 64Oa (Continued) 
E9 FACILITY CO#PONENT AND COST SUMMARY 
1,400 
400 
1,100 
7. STEAt.I EJECTOR SYS%W I 1,165 
4. CXYGZi SYSTEM (Alternate Fac i l i t y )  
b. (LO2 Storage, Pump, Gasifier, Compressor, 
!<ators , Piping and Valves). 
- I 
- 
6. CONTRQL COMPLEX 
sub Total - 
2. 1 I T i l O G 3  SYS"E4 (Alternate Fac i l i ty )  I -  
b. {Xi2 Storage, UT2 Pump, G a s i f i e r ,  Compressor, - I ?totors , Plging and Valves 1. 
I -  5. G W H I T E  ELECTRIC INDUCTION HEATE3 (Alternate Fac i l i ty )  
b. (Heater, High Frequency Generators , G a s  
Turbines , Power Turbines ) . 
I 
Contingency Q 10% 
MGT & Coord. Fee 8 4% 
1,165 
2,909 
1,400 
400 
1,100 
28,49i 
7,141 
2,000 
51,552 
5,154 
3,400 
2,270 
56,696 
62,366 
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The tabulated cost estimates show th& the baseline f ac i l i t y  would cost ap- 
proximately li% nore than the  alternate f a c i l i t y  but would cost 54% less than the 
alternate fac i l i ty  t o  operate. The main difTerence i n  operating costs i s  in  the 
consumables required. n e s e  are the  carbon black pel le ts  and l iquid oxygen neede? 
for the manufacture of carbon monoxide for the  baseline f ac i l i t y ,  and the l iquid 
nitrogen and l iquid cxygen needed for  the alternate fac i l i ty .  Tiie fact  that  the 
baseline f ac i l i t y  uses mostly air rather than purchased gases accounts for the 
difference. 
characteristic high compressor costs for continuous high pressure f ac i l i t i e s  as 
well as thc high cost of equipaent for oanufacturizg the carbon monoxide. 
two items account for  more than 755 of the t o t a l  acquisition cost, and also indicate 
that  bet ter  definition of the technical requirements of these two items w i l l  have 
rnzjor impact on estimates of the t o t a l  f ac i l i t y  cost. Also apparent i s  the qprec i -  
able ccst reduction that  could be achieved by integrating the E9 f ac i l i t y  compressor 
plant with existing.flow fac i l i t i es .  
The "pie" chart presentea for tfie baseline fac i l i ty ,  Figure 6-80b, shows the  
These 
Egure 6-81 is  fncluded t o  show the effect  of increasing engiile module capture 
area oil the estinated component and t o t a l  costs. This i s  done only for the base- 
l i ae  heate?. 
i n  Pnase IL, these computations give a good idea of what impact on cost any size 
increase w i L  ?ave. 
value for inckased s ize ,  w i l l  help t o  define the  most effective t e s t  section size. 
Alth0.m the  15 f t2  (1.39 m2)  module size is  recommended for  inclusion 
%is information, csmbined with the improvement i n  research 
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FIGURE 6-80b 
DISTRIBUTION OF FACILITY COMPONENT COSTS - E9 
Baseline 
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FIGURE 6-8Oc 
E9 FACILITY OPERATING COST SUMMARY 
Rquir and LidenanK! 
WCDONNRUL AtRCRACT 
6-190 
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Ac=15 Ft2 
(1.39 m2) 
FACILITY COMWNFXT Ac=45 Ft2 
(4.18 m2) 
1. Test Leg 
2 .  Compressor Plant  
3. Water Cooling System 
i. Carbon Monoxide Syst-xu (CO reactor ,  
pe l l e t i zed  carbon black s torsge and 
t r ans fe r ,  co-accumulator, e l e c t r i c  
preheater,  cambustion chamber, piping 
and control  valves) 
5. Zirconia Heater System 
(Pressure she l l ,  re f rac tory  l in ing ,  
Alumina/Zirconia matrix, CO-AIR-02 
burner 
1 Baseline Heater 
3 Baseline Hezters 
3 2X Baseline Heaters 
5. Fuel System (LH2 Distr ibut ion & Control) I 210 
4,821 25,069 
37,926 128,948 
1,000 3,500 
7 , OOP 35,000 
4,000 
14,000 
T .  Steam Ejector System 
3. Control Complex 
I 
TOTAL I 9 L.2 189,002 .e p; 
5,889 18 , 900 
207,902 
12,474 
8,316 
228,692 
5,090 
Contingency B 10% 
F a c i l i t y  Total  
A&E Fer 8 6% 
MGT & Coord. Fee 8 4% 
Grand T o t a l  
cost  /& 
~ 
1,165 3,844 
2,900 3,500 
6R.458 
265 , 482 
7,200 
97,300 
33,600 
426 
7,806 
4,800 
485,072 
48 , 507 
533 , 579 
32 , 015 
21 , 343 
586,937 
6,510 
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6.3.9.3 Dev3lLc;pinent. Assessment - The t e s t  !kg components of t h i s  f a c i l i t b  are 
iden t i ca l  t c  those of t h e  E8 f a c i l i t y ,  and all comments regarding t h e  development 
assessnent given i n  Section 6.3.8.4 t o  those conponents apply t o  E9. 
The hea ter  concept developed f o r  t he  basel ine f a c i l i t y  de f in i t i on  has never 
been applied t o  a f a c i l i t y  of t h i s  type or  s ize .  
chamber and a i r  preheater should be developed through sca le  model prototype t e s t i n g  
i n  order t o  deter-!ne t h e  proper geometry, design o f  i n j ec t ion  nozzles , flame 
s t a b i l i z e r s  , and L s fe ty  devices t o  ensure smooth, s t ab le  and coaplete combustion 
throughout t he  wide range of flow r a t e s ,  pressures ,  and combustion temperatures 
required by the  f a c i l i t y .  
cGmponents m u -  be  ass: g e d  a confidence l e v e l  of 3. The carbon monoxide used i n  
the  combustion process i s  provided by a carbon monoxide reactor  system. 
reac tor  i s  a high presswe version of an atmospheric CO reac tor  cur ren t ly  operat2d 
by Cabck Corporation i n  Ashtabula, Ohio, which manufactures about 2 l b  (1 kg) of CO 
per sesond. The reactor  system required f o r  E9 w i l i  have t o  generate frQm 75 t o  
100 lb /sec  (34 t o  45 kgjsec) on a steady bas i s .  
s i z e  Jf t h e  acc.zrulator provided f o r  peak t rans ien t  flow rates. A confidence l e v e l  
of 4 i s  appropiiate f o r  t he  reac tor  system i n  view of  t h e  s i ze  d i spa r i ty  between 
ex i s t ing  sys t em and the  required system. 
The high pressure combustion 
Fr ior  t o  t h i s  sca le  model development work, these 
This 
The exact value depends on t h e  
The heatcr  required f o r  the  a l t e rna te  f a c i l i t y  def in i t ion  i s  t h e  graphite 
induction hea ter  used t o  heat nitrogen on a continuous basis. 
cat ion of a graphite heater  f o r  engine t e s t i n g  i s  the  in te rmi t ten t  storage-type 
hea ter  used bur t he  NASA Lewis Plumbrook f a c i l i t y .  
the  power of t h e  NASA heater  and passes about 30 percent greater mass flow. 
heater  s h e l l  must withstand 3000 p s i  (2070 N/cm2)  compared t o  t h e  maximum pressure 
of 1200 p s i a  avai lable  i n  the  NASA f a c i l i t y .  
problems a t  t h i o  time, two sf vhich are non-uniform heat ing of t he  d r i l l e d  grash i te  
d i scs  Jhich comprise the  thermal matrix,  and power supply i n s t a b i l i t y  and surge 
problems. The latter problem i s  p a r t i a l l y  caused by in te rac t ion  of  t h e  four 750 kW 
power supplies with t h e  base power system. This pa r t i cu la r  problem area would 
probably not e x i s t  f o r  t he  E3 a l t e rna te  h - i t e r  i f  t he  heater  power w a s  provided by 
a gas turbine generator power pack which i s  completely indepen2ent of any external  
power system, as contemplated. Design of t h e  E9 heater  i s  mzde extremely d i f f i c u l t ,  
however, by the  tremendous power required (630,000 kW) and t h e  continuous heat ing 
cycle req-uired. Without a sca le  model prototype tevelopment F=.ogran, t he  confidence 
l e v e l  must be assessed as about 2. This l e v e l  can be r a i sed  t o  1, p r i o r  t o  construc- 
t i o n  cjf t h e  full scale  heater  if a heater  development prograni i s  conducted. Such a 
program might use the  Plumbrook hea ter  t o  solve the  problems already observA there .  
A first s t ep  would be the  i n s t a l l a t i o n  of an adequate gas turbine generator power 
supply as mentioned. 
gradual development as a contfnuous hea ter .  
of addi t iona l  compressor capacity t o  p e r m i t  continuous running at  mass fiows around 
100 lb / sec  (45  kg/sec). 
heater  on t h i s  s ca l e  would give a high degree of confidence t o  t h e  design of t he  
fu l l  s ca l e  heater  f o r  i$J. 
The only such appli- 
The E9 heater  requires  210 times 
The E9 
The NASA heater  i s  not without i t s  
'ne  f i n a l  s t ep  cf development 1ising t h i s  hea te r  would be i t s  
This pl...ase migkt requi re  i n s t a l l a t i o n  
Successful so1Lt.ic.m of operat ional  d i f f i c u l t i e s  of t h e  
I n  summary, t h e  most c r i t i c a l  development problem areas fo r  t h e  E? f a c i l i t y  
occw i n  the  heater  design, regardless  of which concept i s  used, prototype develop- 
ment being e s s e n t i a l  before a cmunittment t o  a f i n a l  design is  &', 
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6.3.10 
grea tes t  expenditure of funds t o  acquire a broad capabi l i ty  of any f a c i l i t i e s  i n  
t h i s  study. 
over 700 mill ion dol la rs .  
b i l i t y  a t  t ransonic  Mach numbers by reducing t h e  t o t a l  m a s s  flow requirements from 
11,000 lb / sec  (5000 kg/sec) t o  6000 lb / sec  (2700 kg/sec) reduces the  cost  t u  about 
$400 million. 
nate 2 i s  rediictioE of the m a s s  flow as w e l l  as elimination of t he  high a l t i t u d e  
transonic r e f r ige ra t ion  requirements. Although t h i s  i s  qui te  an expeiisive f a c i l i t y  
it provides LI very essential inlet /engine research capabi l i ty  up t o  Mach 5 a t  
f l i g h t  duplicated conditions. This fw exceeds t h e  capabi l i ty  of ex i s t ing  f a c i l i  - 
t i e s  t o  evaluate time var iant  pressure and thermal d i s to r t ions  on inlet-engine 
matching research. A t  f i r s t  glance it would appear t h a t  E6 alone would be the  
bes t  choice, but s najor  reason f o r  carrying t h i s  f a c i l i t y  5nto Phase I11 would be 
the economics of in tegra t ing  t h e  t o t a l  f a c i l i t y  i n to  ex is t ing  f a c i l i t i e s .  The 
d i r ec t  connect l eg ,  which i s  E6 when considered independently, i s  r e a l l y  an upgrdfied 
T-1 f a c i l i t y  at P E E .  By using the  ex i s t ing  compressor p lan t  , exhausters and 
heaters a new l e g  would be required plus  stcond s tage  compressors, and heater .  Thls 
would reduce the t o t a l  cost of  E6 t o  about $35 t o  40 million. 
l e g  and i t s  compressor p lan t  cost  &out $310 mill ion,  with the  compressor p lan t  
amounting t o  75% of t h i s  figure, hopefully t h i s  could be subs tan t ia l ly  reduced t o  
br ing the  cost  of the f a c i l i t y  integrated i n t o  AEDC on the  order of  $250 million. 
This is only about twice t h e  cost  of t h e  proposed Large Engine T E s t  F a c i l i t y  
would have only a d i r e c t  connect capabi l i ty ,  and provides subs tan t ia l ly  more 
research capabi l i ty .  
nassi-Je f a c i l i t y  f o r  research. 
problem associated with an e n t i r e  full sca le  engine w a s  r a t ed  *rery high; and i n  
order t o  9rovide bas ic  research on a long l i f e ,  high Mach number engine of a A z e  
applicable t o  t h e  po ten t i a l  operet ional  hypersonic a l r c r a f t  , such 3 f a c l l i t y  capz- 
b i l i t y  w i l l  ce r ta in ly  be required. 
be done economically, and if mot, w b t  are fhe  a l t e rna t ives ,  including prox-3ing ~ 
only the  d i r ec t  connect caprh i l i ty .  
graphically i n  Figure 6-82, and tabius& i n  Figure 6-83. 
EVALUATION AND CONCLUSIONS - The turbo machinery f a c i l i t i e s  requi re  the  
The basel ine integrated d i r e c t  connect/free j e t  f a c i l i t y  (E20) costs  
Compromising t h e  f a c i l i t y ' s  f l i g h t  duplication capa- 
Alternate 1 i s  simply t h e  reduction i n  t h e  m a s s  flow, while a l t e r -  
!!!he f r ee  j e t  
A reasonable questioa i s  .rhy i s  there  a need fo r  such a 
The reason i s  t h a t  t h e  a b i l i t y  t o  research t h e  
The bas ic  question f o r  Ph.Lse LI i s ,  can it 
The f a c i l i t y  research value i s  presenked 
The scramjet f a c i l i t y  basel ine ~ ' B S  based on engine modu.le with 15 ft 2 (1.39 ' 2  ) 
capture area. 
meaningful da t a  f o r  t he  operat ional  hypersonic a i r c r a f t  (see Section 6.3.3) .  
s i ze  w a s  a cubscale module (fram 1/4 t o  1/6 f u l l  s ca l e )  f o r  t h e  operational. vehicle  
but a near f u l l  sca le  s i ze  for  the  research a i r c r a f t .  There i s  an increase i n  
research value as t he  modu.l:, s i ze  increases (Figure 6-84) but diminishing value 
per investment do l l a r  above 1 5  f t 2  (1..3? n2) capture area. 
mining f a c i l i t y  capabi l i ty  i s  t h e  investment required t o  a t ta in  t h a t  capabi l i ty .  
For f a c i l i t y  E8, there  i s  no meaningful coat estimate t h a t  could be made i n  
Pnase I1 because i t s  mechanical dr ive  system so exceeds current capabi l i ty .  ' F o r  
E9 however, t h e  hardware developed at  Cabot Corporation, proposed f o r  t h e  AEDC 
TRIPLETEE, and i n  operation at  t h e  NASA Ames 3.5 foot  hypersonic tunnel ,  provided 
a reasonable base from which increased capabi l i ty  could be projected. Figure 6-85 
presents the  cos t  of a t t a in ing  a given level of research capabi l i ty  as a function o f  
acquis i t ion costs .  
capabi l i ty  of  15 f t2  (1.39 m2) capture area could be provided on a near term 
bas is  (1975). 
at only a 10% grea te r  cost  per un i t  module area as operational experience 
This represented about t h e  smallest  s i ze  module which could y i e l d  
This 
A major f ac to r  deter-  . 
Based on hardware considerations it appears t h a t  an i n i t i a l  
This could be increased t o  45 f t 2  (4.i? m2) i n  another f ive  years 
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and hardware capability increase. 
Eg basel--le. 
inductively heated, graphite scorage heater at Plumbrook, has lesr  ti q5rature 
capability and very much higher operating costs . 
The recommended Phase I11 f a c i l i t y  i s  therefore 
alternate which is a continuous running version of the NASA Lewis 
m e  multirecompression heater offers --#he capabsty t o  increase the f l ight  
duplication capebility from Mach ? t o  XCLI 12 (see Flgure 6-45~1,  but suffers 
from extreme mechanical problems regarding the prime mver  pawer and control 
requirements as well as being an JnLreloped f a c i l i t y  concept. 
sion of E9 baseline would be t o  lncorporate a s m a l l  high enthalpy multirecomprs- 
sion heater into the E9 f a c i l i t y  at some l a t e r  date for  the 15 ft2 (1.39 rn2) capture 
area module t o  enlarge the Mach number range i n  which pure air tes t ing can be 
obtained. The reconnuendatior. i s  then t o  carry the E8 f a c i l i t y  in to  Phase I11 for 
further refinement, as a complete f a c i l i t y ,  and evaluate %he aspects of inlegrat- 
ing it in to  E9 as a growth potential  of far te rn  c a p d i l i t y  !198&1385). 
A logical  exten- 
FIGURE 6-42 
EVALUATION OF ENGINE RESEARCH FACILITIES (TURBOMACHINERY) 
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FIG'JRE 6-83 
FACILITY EVALUATION (ENGINE, TURBOWCHINERY) 
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FIGURE 6-84 
COMPARISON OF SCRAMJET ENGINE MODULE SIZE WITH RESEARCH VALUE 
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FIGURE 6-86 
FAC!LITY EVALUATION 
(Engine, Scramjet) 
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6.4 STR!CTUl?AL RESEAXI! FACILITIES 
6.4.: 
establish and verify the t h e m ,  S t i u C t - J r a l ,  dynamic, and acoustic responses of the  
complete full-scale ai=.fL-aze of 83i opcratZonal vehicle and t o  dezonsfrete the  ve- 
hicle desfgn l i f e  o p e r a t i q  i n  themal ,  nechanicaf, acoustic, m a  pressure environ- 
rents  siriLlar t o  t'ncse eqerieuced i n  f l ight .  
the  f a c i l i t y  requirements I s  shown i n  Figure 6-87. 
chosen 8 s  thet f a c i l i t y  which could perfom all test environments on a major section 
of the  full s c a e  vehicle ir both time and mapitude. 
3)EsIG:I CfiITERIA - The S2 Structural  Research Faci l i ty  w a s  synthesized t o  
The nethodoiogy used i n  selecting 
The baseline f a c i l i t y  was 
kil t e s t  systems were designed t o  s i m l a t e  the most severe parameter or envi- 
ronnznt encountered by any of the proposed operational vehicles. 
designed t o  be as &aptable and flexible as possible s w h  t h a t  a wide varlety of 
different t e s t  specimens snd vehicles could be tes ted i n  the f a c i l i t y .  The equip- 
Icent chosen only indicates a t e n t a t i v e  selectio3, based on an assumcdtest a r t i c l e  
E d  on assumed s t ructural  test reqdrements. 
Each system was 
Where possible, off-the-shelf equipaent w a s  chosen, and, except where indicated, 
the equipnent svailable can perform the required testing. The number of uni ts  of 
test equipnent required w a s  determined 3y scaling present aerospace structural. tests. 
The nuuber of  uni ts  chosen for' each t e s t  a r t i c l e  vas selected only as 8 reasonable 
apsropriate number to determine costs. 
6.4.2 PA.WGTRIC SIIZTDIES - Parametric studies were conducted t o  determine f a c i l i t y  
requirements, t o  show the b p a c t  of individual test parameters on cost, t o  show how 
the f a c i l i t y  capability i s  affected by parametric variations, t c  determine the  feas- 
i b i l i t y  of various tes t ing methods, and t o  identify the primary considerations i n  
choosing a reasonable Structurdi Research Facil i ty.  
studied bx determining the f a c i l i t y  raquirements necessary t o  simulate f l i g h t  en- 
vironments i n  both time and magnitude, isolating the prine factors t h a t  most affect  
capahility and cost : developing curves tha t  show f a c i l i t y  capability versus cost ,  
and by analyzing the f a c i l i t y  requirements a d  formulatirig ?onclusions so tke  
f a c i l i t y  specifications can be cL -closen. 
The t e s t  parsmeters were 
A preliminary analysis of the Structural Research Faci l i ty  indicated the most 
important parameters were: t e s t  a r t i c l e  s i z e ,  a l t i tude  sim-dation requirements, 
thermal simulation requirements, dynamic vibr&L+,!.on excitation methods , thermal- 
acoustic testing, mechanical loading systems, and refrigeration requirements. These 
parmeters were chcsen because their appeared t o  be the parameters t h a t  had the W o r  
influence on faci1it.y design and cost. 
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6.4.2.1 
a t iona l  vehicle  w a s  chosen as t h e  bqseline t es t  a r t i c l e  s ize .  Any f a c i l i t y  t h a t  
Test Ar t ic le  Size - In  Fhase I, t h e  major sect ion of t h e  rull sce le  oper- 
w a s  capable of t e s t i n g  a major sec t ion  of the full sca l e  operational vehicle could 
t e s t  a component of t h e  full vehicle ,  and could aLso test any full sca l e  research 
vehicle  used i n  t h e  acquis i t ion  of knowledge leading t o  production of BG oger- 
a t iona l  vehicle.  
The mag3itude of t h e  cos t  of f u l l  scale vehicle  t e s t i n g  forces  s t r u c t u r a l  
t e s t i n g  t o  be conducted on as s m a l l  a tes t  a r t i c l e  as pcssible .  The test philo- 
sophy evolving from advanccd l a rge  vehicle  programs such as t h e  SST and Concorde 
ind ica te  t h a t  where feasible , ultimate s t rength  verif i c s t i o n  
t e s t i n g  will be done on component o r  major sec t ion  s i z e  t e s t  articles. 
fa t igue  l i f e  ve r i f i ca t ion  must be performed on l a rge r  test a r t i c l e s  because of 
unknown s t r u c t u r a l  i a t e rac t ions ,  but major sec t ion  s i z e  t e s t  art icles are con- 
sidered t o  be of s u f f i c i e n t  s i z e  such t h a t  khese in te rac t ions  Cire not c r i t i c a l  
over a l a rge  port ion of t h e  area being tested. 
znd eirworthiness 
Thormal 
The advantages of t o s t i n g  smaller test articles include snaller f a c i l i t y  
Even w i t h  f u l l  scale vehicle testicg, not a l l  
requirements, lesser amounts of equipuent, savings i n  t e s t  time, and less t i m e  
t o  manur'acturr test specimens. 
t es t  object ives  can be m e t  w i t h  a single tes t ,  a series of tests being 
necessary t o  a c c a p l f s h  d l  desired test objectives.  
nany tests nay be Ferformed concurrently t o  c m p l e t e  the  e n t i r e  ver i f icat- ion pro- 
gram i n  a shor te r  time. 
With s m a l l  coqonent  testing, 
Three s i zes  of test a r t i c l e s ,  ful l -scale  operat ional  vehicle ,  major sect ion,  
and canponent, w e r e  considrred i n  t h i s  study and are shown i n  Figure 6-68, and each 
t e s t  a r t i c l e  i s  described i n  Figure 6-89. 
construction such t h a t  all ac tua l  dimensions &-e i den t i ca l  t o  t h e  f l i g h t  vehicle ,  
t h e  only difference being t h e  por t ion  of t h e  full sca le  vehicle  included i n  t h e  
specimen. Tne major sect ion test a r t i c l e  i s  similar i n  s i z e  t o  a typ ica l  research 
vehicle  so t h e  c m p l e t e  f'ull sca le  research vehicle  could be s t ruc tu ra l ly  ve r i f i ed  
i n  the major sec t ion  s ized Etructirral  T e s t  Facill;y. The cost  o f  t h e  S2 faci l i ty  
f o r  d i f f e ren t  tes t  a r t i c l e  s i z e s  i s  presented i n  Figure 6-90. The cos t s  of t h e  
s t ruc tu ra l  f a c i l i t y  were based on t h e  assumption t h a t  all s imda t ion  l e v e l s  would 
be applied on each test  a r t i c l e ,  t h e  only difference being the s i z e  of t he  tes t  
a r t i c l e .  
All the  t es t  a r t i c l e s  are of f u l l  sca le  
I n  any structural tes t  using specimeli s i ze s  other than t h e  conplete s t ruc tu re ,  
s ac r i f i ce s  i n  tes t  ve r i f i ca t ion  confidence levels must be made because unknown 
s t r u c t u r a l ,  thermal, and dynamic in te rac t ions  cf t h e  e n t i r e  vehicle  are not 
present. The environmental l eve l s  nost  a f fec ted  by reducing t h e  specimen s i z e  
are thermal and mechanical v ibra t ion  because of t h e  importance of edge conditions 
and s t r u c t u r a l  response. 
at  l e a s t  as l a rge  as a major sec t ion  because of unknown s t r u c t u r a l  and thermal 
in te rac t ions  t h a t  cannot. be simulated i n  a smaller component. 
Thermal fa t igue  t e s t i n g  must be done on tes t  sec t ions  
In t he  component ultimate s t rength  ve r i f i ca t ion  approach, two d i f f e ren t  
s i zes  of t e s t  a r t i c l e s  may be considered; those of small s i z e  t o  determine the  
s t r u c t u r a l  cha rac t e r i s t i c s  of a local area once a c r i t i c a l  sec t ion  is  located,  
I .  
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Full Scale Opcntiml 
Vehicle 
FIGURE 6-88 
TEST ARTICLE SIZE 
and l a rge r  cmponents which evaluate t h e  s t rucWra l  performance of a major sec t ion  
of t he  s t ruc ture  t o  r e l i ab ly  loca te  c r i t i c a l  aress. 
epproxinately 50 percent l a r g e r  i n  gross s i z e  and 2 t o  3 times l a rge r  i n  t es t  
areas than t h e  smaller components. 
Tne l a rge r  components ai-e 
A l i t e r a t u r e  survey was conducted t o  technica l ly  v e r i f y  t h e  concept of 
t e s t i n g  major sec t ion  o r  cwponent s i z e  t e s t  specimens r a the r  than full sca le  
t e s t  a r t i c l e s .  
t e s t i n g  component-sized tes t  a r t i c l e s  as opposed t o  complete vehicle  t e s t i n g  i s  
presented i n  Reference (8) .  Therein, an ana ly t i ca l  invest igat ion was performed 
A t echnica l  analysis  which determines t h e  advisabi l i ty  of thermally 
MCOOWNUU mmcuam 
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FIGURE 6-90 
DYNAMIC STRUCTURAL EVALUATION FACILITY ACQUISITION COST 
AS RELATED TO TEST ARTICLE PLAN AREA 
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t o  determine the  optimum s i z e  t e s t  a r t i c l e  t h a t  is required t o  simulate the  f l i g h t  
temperatures and thermal stresses experienced by t h e  complete vehicle.  
A t y p i c a l  wing box s t ruc tu re  of a Mach 4 vehicle ,  as shorn i n  Figures 6-91 
and 6-92, w a s  s tudied t o  show t h e  e f f ec t  of specimen s i z e  on thermal gradients  
and thermal stresses. 
por%ion of t h e  specimen c)n t h e  temperature of an i n t e r i o r  point  (Node 1) of the 
s t ruc ture .  It w a s  determined t h a t  s a t i s f ac to ry  simulation of temperatures could 
be a t t a ined  a t  any i n t e r i o r  point  i f  t h e  heated length e-xtends i n  both d i rec t ions  
a t  least  3 o r  4 times t h e  specimen cross-sectional depth and width. The e f f ec t s  
of i n t e r n a l  rad ia t ion  were found t o  be a prime mode of heat t r ans fe r  i n  the 
Mach 4 s t ruc tu re  because i n t e r n a l  rad ia t ion  r e f l ec t ing  surfaces  were not provided. 
The s i z e  of t h e  t es t  a r t i c l e  i s  dependent on t h e  area required t o  develop t h e  
in t e rna l  rad ia t ion  shepe fac tors .  
Figure 6-93 shows t h e  e f f ec t s  of varying the  heated 
The above analysis  concluded that t h e  results f o r  t h e  wing cross-section 
of t h e  Mach 4 vehicle  are general ly  applicable t o  a Mach 12 vehic le ,  except t h a t  
smaller specimen s i zes  can be used. The e f f ec t  of i n t e r n a l  rad ia t ion  i s  not the 
driving fac tor  i n  determining t h e  r e q u i r e d t e s t  a r t i c l e  s i z e  f o r  a Mach 1 2  
vehicle  because an ac t ive  thermal protect ion system w i l l  probably be used and 
rad ia t ion  r e f l ec to r s  w i l l  be provided. Figure 6-94 and 6-95 show ty-picd 
areas of Mach 4 and Mach 1 2  airframes t h a t  may be considered as t es t  specimens 
and the area t h a t  m u s t  be heated. 
If struct.ural  boundary condjtions are ignored and t h e  thermal d i s t r ibu t ion  
f o r  t h e  Mach 4 wing box as shown in Figure 6-93 
In  the  wing box at  Node 1, as shown i n  Figure 6-96 , were found Lo be l a rge r  
than those experienced when the e n t i r e  vehicle  i s  heated. 
thermal s t r e s s  i s  duz t o  increased thermal gradients i n  the smaller test articles. 
If the  t es t  specimen length i s  3 t o  4 t i m e s  t h e  cross-sectional depth, a good 
approximation of thermal stresses is  present at t h e  component centerplane,  bu t  
thermal s t r e s ses  a t  t h e  erds of t h e  specimen can exceed t h e  nominal t h e r m 1  
stresses by approximately 50 percent. 
v a l i d  thermal s t r e s s  t e s t  r e s u l t s  i n  r e l a t i v e l y  s m a l l  tes t  a r t i c l e s  if provisions 
are incorporated i n  the  t es t  a r t i c l e  t o  accommodate t h e  hlqher thermal stresses 
expected a t  the  specimen boundaries. 
butions and thermal s t r e s ses  i n  a major sect ion is suf f ic ien t ly  accurate t o  permit 
the sa t i s f ac to ry  demonstration of ul t imate  vehicle  strength.  
a r e  assumed, t h e  thermal stresses 
Th i s  increase i n  
It is  nevertheless possible  t o  achieve 
It i s  concluded t h a t  reproduction of full sca le  vehicle  temperature d i s t r i -  
I n  mechanical v ibra t ion  t e s t i n g ,  where t h e  response of t h e  e n t i r e  vehicle  
s t ruc ture  i s  required,  component o r  major sect ion t e s t i n g  may not be f eas ib l e  unless 
t h e  boundary conditions are known. An a l t e rna te  t e s t i n g  method may be f eas ib l e  
where geometrically scaled f l ex ib l e  models a r e  used ac t es t  specimens. 
of s imi l i tude  show t h a t  many s t ruc tu ra l  cha rac t e r i s t i c s  may be achieved by pro- 
port ional  scal ing,  but other cha rac t e r i s t i c s  are governed by non-linear r e l a t ions  
and therefore  not geometrically scalable.  
m t e r i a l  thicknesses and fas tener  sizes, ihc  smallest feasible m o d e l  s i z e  i s  
thought t o  be approximately 1/5 scale .  
r e s u l t s  were obtained i n  determining t h e  dynamic cha rac t e r i s t i c s  of t h e  Titan I11 
vehicle by using a 1/5 sca le  model. 
The laws 
Due t o  physical s i z e  l imi ta t ion6  of 
Reference ( 2 )  states t h a t  s a t i s f ac to ry  
However, t h e  MCAIR Structures  and Dynamics 
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME Ill PART I 
FIGURE 6-91 
WING BOX COMPONENT IDEALIZATION MACH 3-4 VEHICLE 
36 In 
(91 cm) 
Notes (1) Hekt Heat Flax Across This flaw Assumed Zero 
(2) !io Hut Tnnsfa Across This Botmwla 
(3) 1N Inch (6m) Thick Titanium Allay xd Plate 
Laboratories reported t h a t  acoust ic  t e s t i n g  of a 1/10 f l ex ib l e  sca le  model of t h e  
Voyager spacecraft  i n s t a l l e d  i n  the  upper stage of a 1/10 sca le  model of t h e  S 1V-B 
i n d i c a t e d t h a t  the  acoust ic  response of t h e  configuration could be accurately 
determined. 
because of spec ia l  too l ing  and manufacturing costs .  
model t e s t i n g  should be used w i l l  depend on t h e  vehicle  being tested and its 
complexity. 
Specimen fabr ica t ion  cos ts  w i l l  increase i f  sca le  models are usee 
The determination of whether 
A minimum fa t igue  l i f e  must be incorporated i n  tlie design of m y  hypersonic 
airframe f o r  t h e  environments i n  which t h e  vehicle  F i l l  operate. 
sonic vehicle ,  t he  e.ffects of therlnally induced s t r e s ses  are  addi t ive  t o  mechanical 
s t r e s s  such that  the  important fatigue condition is  that of thermal fa t igue.  
Thermal fa t igue  research d i c t a t e s  t h a t  l a rge  sect ions of t h e  complete s t r u c t u r a l  
airframe are  necessary as a tes t  specimen because unknown s t r u c t u r a l  i n t e rac t ions  
have a major influence on thermal gradients ,  crack i n i t i a t i o n ,  and the  res idua l  
s t r u c t u r a l  s t rength present when fa t igue  crac!rs appear. 
w i l l  involve months or  years u n t i l  su f f i c i en t  load and temperature cycles are 
applied t o  the  specimen t o  ve r i fy  the  fatigue l i f e  G f  t h e  airframe component, 
even if t e s t i n g  is  conducted on an accelerated basis. 
For a hyper- 
Thermal fa t igue  tes t - ing  
Proper t e s t  scheduling vi11 
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FIGURE 6-92 
W ING-BOX COMPONENT CROSS SECTION MACH 4.0 VEHICLE 
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(31.5 m )  
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allow the  en t i r e  s t ruc tu ra l  t d z t  f a c i l i t y  t o  be used f z r  the l a rge r  thermal fatigue 
tes t  specimens after the  ul t imate  s t ruc tu ra l  strength ve r i f i ca t ion  tes t  programs 
have been ?omglete? on com$onent .@‘“.e tes t  a r t i c l e s .  
All of the  s t r u c t u r a l  t es t  ooject ives  can be acwmplished using c;:Liie-. coa- 
ponent, major sect ion,  o r  geolnetrically s c d e d  models, and it was concluaed 
tha t  full sca le  vehicle  t e s t i n g  is  not required t o  accomplish t h e  Research 
Objectives. 
It is  concluded that  s t r u c t u r a l  t e s t  specimens need not Inclutle t h e  complete 
vehicle ,  but i n  order t o  verif‘y ult imate s t rongth,  fa t igue  l i f e ,  and a imor th iness ,  
t e s t  a r t i c l e s  as la rge  as major sect ions musk be t e s t ed .  Dynamic and acoustic 
respons- determinations may be conducted on zeometrically scaled models. The 
cost  s m r y  (Figure 6-10?) shows t h a t  f o r  a l l  t e s t  a r t i c l e  s i z e s ,  th: c J s t  of the 
f a c i l i t y  i s  primarily datermined by t h e  quant i ty  of t es t  equipmnt  rzquiyed t o  
t es t  the  respect ive t es t  a r t i c l e s .  
wo-dd be one t h a t  i t corpora tes  a bui lding cmplex  large enough t o  test a complete 
The most e f z i c i en t  s t r u c t u r a l  research f a c i i i t y  
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FIGURE 6-95 
SELECTED TEST SPECIMENS MACH i2 VEHICLE 
f'uI.1-scale vehicle and test equipment t o  test a mejor section. 
vould permit full-scale testing, if desired,  or the  simultaneous t e s t i n g  of th ree  
6.4.3.2 
t ha t  the  s t ruc ture  be subjected t o  the a l t i t ude  - p r e s s x e  environment s l m i l a r  t o  
t ha t  experienced by the  actual  vehicle during its f l i g h t  t ra jectory.  I n  order t o  
sLmulate the altitude-pressure environment of a typ ica l  vehicle,  both the  absolute 
pressure and the  r a t e  of climb must be considered. 
time prof i les  of four typ ica l  vehicles considered i n  t h i s  study. It w a s  found 
t h a t  th2 pressure-timt prof i les  co- id  be approximatt$ by the  following equation: 
A large building 
*_ 
major sections. _z 
Altitude Simulation 3equirements - Several Research Objectives require 
Figure 6-97 shows the  pressure- 
F = Po p Y t  
where: P = 3ressure at time t 
Po = Pressure at start of pump-down 
m = Constant 
t = Time 
lYClDOlYCVIU AI- 
6-209 
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FIGURE 6-97 
PRESSWE vs TiME 
sea 
Time - Minds 
&&other expression was leveloped t o  show the  r e l a t i o n  of t h e  maximum a l t i t u d e  ana 
rate of climb t o  the  vzic'iui pmping capacity required f o r  both fu l l - sca le  and major 
sect ion f a c i l i t i e s .  This equation was found t o  be of t he  form: 
where: VpR = Required pumping r a t e  - scfm 
m 
Vc 
= Constant derived ,from t h e  previous equation - l/min 
= Volume of chamber - f t 3  
From these equations, a s e r i e s  af curves t h a t  shows pum9ing requirements versus 
time w a s  developed for k pressure-tine p ro f i l e s  and i s  presented ic Figure 6-98. 
An analysis  of t h e  cuves  i n  Figure 6-98 shows t h a t  extremely severe pumping 
If t h e  f l i g h t  demands a re  required if a la rge  chamber must he rap id ly  evacuated. 
IWCWNNEU AlRCRAcl 
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FIGURE 6-98 
REQUiRED PUMPING RATE vs TIhE TO MAXIMUM ALTITUDE 
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profi le  o f t h e  M-12 RKT operational vehicle i s  required t o  be simulated on the f u l l  
scale vehicle, where the time-to-maximum-atitude i s  approximatuy 4 minutes and 
the maximum al t i tude i s  146,000 ft. (1 mm Hg), a pumping r a t e  of epproximately 
8.6 x lo6  SCFM (2.4 x 1-05 m3/min) must be provided. 
on chamber volume, p u p  down time, and maximum a l t i tud i .  
maximum al t i tude,  o r  the  s ize  of the chamber, substantial  cost savings can be 
realized. 
The pumping rate i s  dependent 
By relaxing t h e  time t o  
In determining the optimum a l t i tbde  chamber f a c i l i t ;  , yzrticfilar attention 
m u s t  be given t o  lessening the  enviromental conditions t o  reduce the f a c i l i t y  cost 
while s t i l l  a t t a i n i r g t h e  test objectives. CoLLtYn h;s been ind ica tec tha t  inter- 
nally trapped air &t sea level pressures may not be cble t o  escape with sufficient 
racidi ty  from the thernzl insulation and internal  s t .xcture  s o  t h a t  a pressure dif- 
fe reo t ia l  could develop, which could cause a failur- of the insulation's thermal 
properties or catastrophic fc l lure  of structural  ---orients. Thus, a v i t a l  test 
requirement i s  t o  simulate the climb r a t e  of the vr:iicle. 
The pressure-time prof i le  of the M-12 vehicie shows th.t ' .-.:axhately 50 
percent of the time-to-maximum a l t i tude  is  required t o  increase <?E alt i t i ide from 
69 kft (21 Ian) t o  146 kft (43 km) , but the absolute pressure is o d y  reduced fron 
35 mn t o  1 mm of mercury, or 4.6 percent of sea leve l  pressure. If the  m a x h u n  
a l t i tude  were reduced frun 1h6 t o  68 k f t  (43.9 t o  21 km) and the  time t o  a t t a i n  
maximum al t i tude renained the same ( 4  minutes) , it would be possible t o  achieve 95 
percent of the t o t a l  pressure different ia l  i n  tfie same t b e  as is  required for  full 
pressure env;,roment simiilation. But note t h a t  the  i n i t i s l  presswe does not de- 
c r e a ~ e  %s raaidly which affects the discharge coefficients o f t r a p p a  air spaces. 
If it is determined i n  Phase I11 t h a t  the cliinb rate is not an essential  en- 
vironaentai sinul&tion osr-aeter , the  nsximm alt i tude requirenect could be retained 
bct t h e  puqing capacity of the f a c i l i i y  could substad5al ly  be reduced such tha t  
the acquisition cost 09 the  f m i l i t y  is  appropriately reduced. 
resents pumping requirements 2s 2 function of a l t i tude,  pump down time, and chamber 
volume. 
f a c i l i t y  c m  be s a t i s f a c t o r i u  specified t o  verify tk-2 design of the vehicle oper- 
ating i n  a r e a l i s t i c  pjressye environment. 
Figure 6-98 r e p  
Once all test objectives a re  determized for  a perticular vehicle, the 
d 
A stwiy vas cor5ucted t o  d e t e x i n e  the  nost desirable method of ex-acuatine; 
the al t i tude chanber. 
flow requirements, laqp ar;ticipzted chamber leak rates , subs tan t id  specimen 
leakage and outgassing rates, and for absolute pressures not less than 1 m m  ?@ 
(. 013 N/cm2), three-s',age s t e m  ejectors were the most pract'ical method for  evacu- 
ating the chkber.  
the large m a s s  flow rates required for  a reasonable ciimb rate.  
It W ~ L  concluded that  for  large chamber volumes, high mass 
Mechanical pumping methods are more expensive and cennot handle 
Chemical st. 1 generat\Irs and boi lers  w e  two possible methods for  generating 
sufficient stem Tor the steam ejectors. Boilers require a very large investment 
t o  provide the  quantities of steam required for  large ejectors. The boi lers  w i l l  
have t o  be f i red up for each run requiring long start-up t ines.  Cnemical steam 
gex,erators, such as a LO2 - alcohol system, provide instantaneous steam i n  large 
quantities with substantially less  acquisition cost. 
of alcohol a d  LO consumed i n  the chemical steam generator, very high operating 
costs are incurreg (see section 6.1.13 for Lo2 - Alcohol operation costs 1. Thus , 
Due t o  the large quantities 
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r f  l a rge  chambers must be evac7;ated i n  a short  t i m e  and maintained at  a l t i t u d e  f o r  
? long t i m e ,  t h e  near optimum system would be a chemical stem gecerator t o  provide 
high niass flow rates while t h e  chamber is  being rap id ly  evacuated, and then  switched 
to boiler-gecerated steam t o  maintaifi t h e  steady state a l t i t u d e  conditions. 
s m l l e r  bo i l e r s  could a l s o  be w e d  far  o ther  i i t i l i t y  services  within t h e  test 
complex. 
The 
From t h e  pumping rhtes shown i n  Figure 6-98, t h e  steam generation requiremer;ts 
were determined. The acquis i t ion cost  of t he  a l t i t u d e  simulation f a c i l i t y  using 
L02-alzohol steam e j ec to r s  was then determined as a function of steam mass-flow re- 
quirements as presentee in Se.!tion 6.1.4. 
LO2 - alcohol steam generator p lan t  , 3-staged non-conaensing’ steam ejec tors ,  instru-  
mentation , control  s t a t ion ,  and i so l a t ion  ga te  valve systems. Cost r e l a t ions  snow- 
ing how t h e  a l t i t u d e  simulation f a c i l i t y  cost  va r i e s  with specimen s i ze ,  cliuiu t o  
a l t i t u d e ,  and maximum d t i t u d e  are shown iil Figure 6-99. The cos t s  determined i n  
t t i s  3tud.y d id  not include any steam bo i l z r  cost .  
Tne a q u i s i t i o n  cost includes t h e  
From t h e  analysis  of tsst a r t i c l e  s i z e  (Section 6.5.2.11, i t  w a s  coccluded 
t h a t  no requirements =xis t  f o r  a l t i t u d e  simulation t e s t i n g  of r’ull scale size test  
specimens. Unless extremely l a rge  major sect ions w-2 required f o r  t es t  specimens , 
exis t ing alt l tucie chanbers could be modified t o  achieve t h e  time-to-climb require- 
nents of t h e  f i i g h t  t ra jec tory .  For Phase 111, curren t ly  ex is t ing  f a c i l i t i e s  w i l l  
be examined t o  determine which can be modified t o  be of use f o r  hypersonic research. 
6.4.2.3 
sidered when se lec t ing  a thermal enviromeiit simulation system include: 
heating, maximum temperature, specimen s i ze ,  and required heat flux. 
Thernal Environment Simulation SystaTs - The inportant f ac to r s  t o  be con- 
rate of 
Aerothermodynamic heating i s  usual ly  simulated by heating t h e  vehicle  with 
inf ra red  heaters .  Other nethods have been used and, under l imi ted  t e s t  conditions;  
may be preferred,  but t h e  response , cont ro lab i l i ty ,  f l e x i b i l i t y ,  and high tempera- 
ture capabi l i ty  of in f ra red  hea ters  make them more des i rab le  than any other  heat ing 
nethod. 
ments are used as heating elements. !&e rcaxinim reliable heat f lux obtainable from 
150 t o  480 B / f t 2  -sec (170 t o  540 watts/cm2), graphite heating elements must be 
used, and i f  f l u x  l eve l s  above 480 B/ft2 -sec are required,  plasma 3r torch  hea ters  
m a s t  be used. Since no an t ic ipa ted  f l u x  levels f o r  the hypersonic vehicles  exceed 
480 B / f t 2  -see (540 vatts/cmz) , plasma arid torch  hea ters  were not included i n  t h i s  
For most t es t  conditions,  quartz infrazed heat lamgs with tungsten fila- 
‘quartz lamps is 150 B / f t 2  -see (170 watts/cm2). For heat f luxes t h a t  range from 
s t u w  . 
. 
The power required t o  simulate a representat ive,  f l i g h t  heat ing p r o f i l e  i s  
dependent on t h e  maximum temperature and the  heat ing rate. 
t o  show the  influence of specimen t e s t  temperature and heat ing r a t e  on t h e  power 
requirements (powzr i s  d i r e c t l y  r e l a t ed  t o  cos t ) .  
A study w a s  conducted 
The t o t a l  heat input required t c  he& t h e  t es t  specimen i s  t h e  sum of t h e  
change of internal. energy of t he  specimei;, p lus  t h e  losses due t o  convection and 
rad ia t ion  as represented i n  t h e  following equation: 
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Q = cp  K ( T / t )  (W/A) + hcF (Ts-Ta) + hrF (Ts-Tal 
In te rna l  Energy + Convection Loss + Radiation Loss 
2 Where: A = Area of specimen, i n  
= Specific hekxt - Btu/lb'F 
= Convection heat t r ans fe r  coeff ic ient  
= Radiation heat trmsfer coeff ic ient  
2 = Total  heat f lux at specimen - kW/in 
= Temperature of surrounding medium, O R  
= Temperature of heated specimen, O R  
cP 
hc 
h, 
Q 
Ta 
Ts 
t = Time, seconds 
W = Weight of specimen, i b  
E = Specimen emissivity of specimen surface 
which reduces t o  : 
Q = CPK T / t  W/A + 3.53 x j2.2 (Ts - T,)1.25 + E ((&)4 - &)() } 1 
Tnis equation has been ve r i f i ed  by empirical t e s t  results at MCAIR Structures an& 
Dynamics Laboratory .*here it has been shown t o  y i e ld  conservative theo re t i ca l  heat 
flux l eve l s  when compared t o  measured heat f l u x  levels .  
Figure 6-100 presents a se r i e s  of curves tha t  were derived from t h i s  equation 
showing specimen temperature versus t h e  heat flux required t o  maintain tke  tes t  
a r t i c l e  a t  a steady state temperature, and specimen temperature versus t h e  heGt f lux  
required t o  heat t h e  specimen at 30°F/sec (16.7°C/sec). 
a columbium radiat ion shingle 0.060 in .  (1.5 mm) th ick ,  would differ f o r  other 
materials. 
These curves, derived f o r  
An analysis c,f Figure 6-100 shows t h a t  t he  heat flux required t o  increase 
the  in t e rna l  energIr of the  specimen a t  a given heating rate i s  constant with re- 
spect t o  temperature. The heat flux required t o  overcome t h e  convection and radia- 
t i o n  heat losses  increases at an exponential r a t e  as the  temperature increases.  
Thus, i f  the  Jpecimen temperature is  1500'F (82OoC), it requires  50 percerit more 
power t o  hezt t he  specimen at 30°F/sec (16.T0c/sec) than it does t o  maintain a 
steady s t a t e  temperature of 1500'F (820Oc). However , when t h e  specimen temperature 
i s  3000'F (167ooC), only 8 percent more power i s  required t o  heat the  specimen at 
30°F/sec (16.T°C/sec j than it does t o  maintain a steady s t a t e  temperature of 3COO'F 
(1670OC). 
Thus, i n  select ing the  optimum s i ze  heating system, where large areas of re la-  
t i v e l y  low temperature s t ruc ture  must be heated, the  m a x i m u m  heating rate must be 
determined before t h e  size of t he  heating system can 'be selected.  On t h e  other 
hand, i f  t he  t es t  temperature is high, the  maximum heating r a t e  i s  not a c r i t i c a l  
pa rme te r  ?'n se lec t ing  th? heating system. 
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FIGURE 6-100 
SPECIMEN TEMPERATURE vs HEAT FLUX 
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The cost  of t h e  heating system w a s  determined by estimating the  s n o u t  of 
power required t o  heat t h e  full sca le  operational vehicle.  The surface area of t h e  
vehicle was divided i n t o  4 zones; Nose cap, leading edge, lower body zurface,  and 
upper body surface. 
heating r a t e  w a s  assumed t o  be 30°F (16.'i''C)/sec. The t o t a l  power w a s  then calcu- 
l a t e d  and tbe  number of control  channels w a s  determined. The r e s u i t s  of t h i s  study 
are  summarized i n  Figure 6-101. The costs  of in f ra red  hea ters  versus required heat 
f lux leve ls  a r e  presented i n  Section 6.1.9. These heater  costs  were developed frDm 
known heater  costs  at MCAIR. 
Maximum temperatures were determine I f o r  eacn zcne and t h e  
The immense power requirements, f a c i l i t y  costs,  and d i f f i c u l t y  of t e s t i n g  d i c t a t e  
t h a t  ful l -scale  t e s t i n g  of t h e  e n t i r e  vehicle i s  not feas ib le .  
6.4.2.4 Dynamic Vibration Exci ta t ion Method - In  order t o  accompli h the  Struc%ures 
and Materials Research Objectives,  t h e  dynamic v ibra t ion  environment of the  opera- 
t i o n a l  vehicle mast be simulated. During f l i g h t ,  s t r u c t u r a l  dynamic v ibra t ion  i s  
pr imaripj  induced by two methods: pro&ulsion system and aerodynamic flow noise.  
The primary source of propulsion-induced noise i s  unsteady burning i n  the  combustion 
chamber. The noise generated by the  propulsion system i s  generelly of low frequency 
and high in t ens i ty ,  and the  primary excita',ion pa-th i s  through the  s t ruc ture .  Flow 
induced noise can result. from bcundary layer  f luc tua t ions  i n  t r a n s i t i o n a l  or  super- 
sonic f l i g h t ,  o r  from pressure f luc tua t ions  due t o  vekes o r  shock waves on t h e  
ex te r io r  vehicle s t ruc ture .  
but with a broad spectrum of pressure f luctuat iLa frequencies.  
Flow-induced noise i s  general ly  low i r ; t tns i ty ,  
I p a m i c  t e s t i n g  of vehicles  and t h e i r  comp3nents i s  performe2 t o  determine t h e  
dynanic response and s t r u c t u r a l  adequacy of t h e  s t ruc tu re ,  t 1.1 t o  ver i f3  zornponen; 
r e l i a b i l i t y  when subjected t o  a dynamic v ibra t ion  enviroment  . 
t e s t i n g  i s  performed e i t h e r  by using electromechanical shakers t h a t  physicel ly  q p i y  
mechanical loads t o  t h e  s t ruc tu re ,  or  by f l l?ctuat ing pressure Levels ind-dcet by 
acoustic noise. 
mechanical shakers and acoustic t e s t i n g  was used as a cumplementary t e s t i n g  method 
fo r  small cmpments .  As t h e  performance of new vehicles increased, t h e  importance 
of acoustic t e s t i n g  increased u n t i l  it i s  now considered t h t t  on hypersonic ve- 
h i c l e s ,  na jor  sect ions should be tea ted  i n  aq acoustic enviroment.  The acoustic 
noise generation requirement may be for  any Pynamic tes '  .:hg s i t t i s t ion ,  but it i s  
spec i f i ca l ly  required t o  determine t h e  e f f ec t s  of near f i e l d  noise on m i n i m u m  gauge 
s t ruc tures ,  composite s t ruc tu res ,  and non-metallic s t ruc tures .  For applicatiolr3 
requir ing hig2i overa l l  Qnhs ic  loaf..ing at lower frequencips , electromechanical 
shakers a re  most l i k e l y  t o  be the  Frimary exc i ta t ion  method, but  f o r  higher frequen- 
c ies  and lower dynamic loading l e v e l s ,  acoust ic  exc i t a t ion  would be preferred.  
Dynamlc v i b r a t i m  
I n  the  pas t ,  most v ibra t ion  t e s t i n g  was  performed with e lec t ro-  
A study was conducted t o  evaluate electromechanical and acoustic exc i ta t ion  
methods. 
shaker must be mechanically atte.zhed t o  the  veh ic l e ' s  struct1:-e. 
tures and a t  high "g" l e v e l s ,  l a rge  mechanical loads must be applied t o  t he  s t ruc-  
t u re .  Exciting a s t ruc ture  using a la rge  number cf shakers does not s a t i s f a c t o r i l y  
simulate the ac tua l  exc i ta t ion  method and th,: shakers are d i f f i c u l t  t o  synchronize. 
Thus, fewer la rge  shakers a re  preferred over a grea ter  number of smaller shakers, 
but higher locrds must be t ransmit ted t o  t h e  s t ruc ture  by the  la rger  shakers. 
Herein l i e s  t h e  problem, with la rge  vehicle0 where t h e  vehicle  mass qproaches  o r  
exceeds 100,000 pounds (45,360 Kg) and the  "g" l e v e l  i s  3 ¶  exci ta t ion  loads of over 
I n  order t o  induce v ibra t ion  modes by electromechanical shakers, t h e  
On la rge  s t ruc-  
----* -- 
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300,000 pounds ~1,3~0,000 2;) nust be appl ie i  t o  the structure. 
used t o  excite the structure,  individual shaker loa& 02 100,000 pou?ds !&!d+,OCO !;) 
s u s t  be epplied t o  s t ructurai  hard2oints t h a t  were not desrgned t o  accanodate suck 
loecis. In addition, 110 large (lOG,000 poun4) (444,000 X )  electrmechanicel shzkers 
are ca-rerrtly being =de, and the s i ze  of the i n e r t i a  block t o  which the sheker I s  
munted becmes prohibitively large. 
If 3 shakers ese 
Acoustic noise m y  Be generated for  acmst ic  teztfng by electropneuoetic 
trmsaucers,  sirens,  electromgnetic poppet valves, air jets, a?d electromgnetic 
I O f X i  sFe&ers. 
t c  best achieve the desired acoustic enviranoent. 
us2C i n  acoustic testing: reverbera t ix  roo=, progressive vave s h r o d ,  a d  direct  
hpingernenl. The reverberating ram technique entails positioning the vehicle i n  
E roo= a d  ,ul$ecting it t o  2 difr"used sound fie?-< t h a t  orovides nultiW.d ex:-- 
tzt;on over a broed bzndvidth. In  progressive wzve tes t ing,  the t e s t  a r t r c l e  is 
surramded K i t h  a shrcud thz t  contains a series of D l a e  u s e  tubes thzt  mn 
paral le l  t o  the vehicle a i s .  
tube. The direct  inGingeaent Eethod u t i l i z e s  e31 erq? of acoustic generzGors lr 
s= .oxbi ty  tc the  +mizen, t o  s incate  ~ncreased sound pressure Levels (SX\ ~ E Z  
varied spectral coctent. 
These acoustic generators m y  be incorporated in the test setup 
Three p r i n c i m  methods =e 
A seDarete scoustic generato? cowers each ?lax .-we 
The plane x&ve -Lube zethod I s  particularly desira3le vbere the specizei, is 
cylin(irical or conical. 
presants d i f f icu l t  prn3lelns t o  adapt a satisfactory tube t o  tha t  shepe. 
verbrating room method requires a large rocm tc: aczcmo&ste the irregular shape 
of the vehicle, crea+, iq  a large Fasted space i n  which the sound intensity mdst  
nevertheless be generate&. 
l a t e  sound prcssura levels over the eot i re  vehicle. 
iriherent drawbacks tha t  prohibit W - s c a l e  vehicle testikg , but component testing 
is quite feasibfz. 
This study indicates the t  both the electronkchariiczl end acoustic excitetion 
mthods art: desirable. The chcice depends on spechen s i z e ,  excitation frequency 
spectrum, load levels, and test objectives. 
The uneven shape of a biezde5 body o r  all body shepe 
The re- 
The direct  hpingemeEt nethoa caanot accnrately s i n -  
 US, sll three ne thob  have 
The cost of the ecoustic simulation system is dependent on the acoustic inten- 
s i t y  requi red to  simulate the desired SPL and cross-sectional area i n  which that 
intenslty must be generated. The t o t a l  cost of the acoustic simulatior, f a c i l i t y  
w a s  based on a large acoust lc pls -e  wave tLbe an2 an average SPL of 170 ab. The 
costs of the acoustic f a c i l i t y  for other t e s t  a r t i c l e  sizes are related t o  the  sur- 
face area of the specimens. 
6.4.2.5 
tha t  the structure w i l l  be simultaneously subjected Ao aerotherniodynamic heating 
(ei ther  transient or steady state) and flow inched  acoustic noise. 
performed i n  t h i s  envlronmer;t might include sonic fetigGe and verification of the 
h t e g r i t y  of thzrmal pr.;tection systems. The sunulation of' the :hermil environment 
cavlct be prokided for  DY insreasine the sonic loading on an wticated test  specimen 
beceuze changes i n  physical ?roperties can affect  the Gynamic respanse character- 
i s t i c s  of the structure i n  a vay t h a t  c m c t  be pre6icte5 or accour-ted for. 
Themal-Acoustic - The f l ight  profiles of the hypersock vehicles indicEte 
Typical t e s t s  
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A reviev cf pas t  acoustic-thermal tes ts  conclcded t h a t  t h e  bcs2 nethod of 
a?plq'lng t h e  thermal en-:iroment w a s  with i r  A.ared heaters, an5 t he  best nethod of 
epr,S.ying t he  acoustic enviroment was v i t h  a plane w.we shroud. '%e acoust ic  shroud 
v i l l  a c t  both as a r e f l ec to r  f o r  t h e  heaters  and as a Dice wave tube Tor acoust ic  
FurFoses. 
the  airfloiT 5s de temine t ive  of h e a t i q  rates and acc'2stic lei-e:, such t h a t  it x o d d  
'ce i rqoss ib le  t o  cont ro l  both. 
Methods u t i l i z l rg ;  ccnvection teatir ,g are not considered feasible because 
Increasing t h e  s p e c h e n  t e q p r a t w  adversely e f f e c t s  tLc acoust ic  pve r  
required t o  simulate a Cesired sound pressure l e v e l  (SPL). 
ing  t h e  number cf accust ic  generattirs. 
t o  increese the  E i r  temperatwe which Ciecrazses :he densi ty  cf t h e  air. 
I s  2efined by t h e  eqcetion 
This req-dres increba- 
The elevezed specicen temperature te&s 
The SPL 
P -- 
SPI, = 20 log lo  Pref 
n 
vkere Pref = 2.9 x 10-9 p s i  (2.0 x 10-5 ,I/CL) 
end SPL is expressed as decibels  (a). 
incluce a Cesired SPL is given by -&he follovsng expression: 
The acoustic power i n t e n s i t y  required t o  
Fr' - -  In t ens i ty  = . P b  
=here P = Pressure :l/m2 
p = gas densi ty  et s p e c b e n  surface a / m 3  
C = speed of sound i n  mdium - m/sec 
F r a t h e s e  tvo  re la t ionships ,  an expression w a s  developed t h a t  compares the  
ecoust ic  i n t ens i ty  r e q u i r e d t o  p r o h c e  various SPL's and the  air temperature at 
the  specjmeu surface.  
p2 T1/2 
7 x 103 
In t ens i ty  = 
P = pres swe  i n  mm 
T = tempera%u*e O K  
where 
It w e s  a s s w d  t h a t  t h e  gas constant snd t he  r a t i o  of spec i f i c  hea ts  remained 
constanL. A set of cut-ves w a s  developed t h a t  compares t r z  acoust ic  i n t ens i ty  
reqzired t o  produce various SPL and t h e  air temperature at t h e  specimen surface 
and i s  presented i n  Figure 6-102. 
temperature a t  the  specimen vould eqdal the  specimen tenpera twe.  
Figure 6-102 shows t h a t  more than twice the  acoustic power i s  required t o  i iduce 
a desired SPL on a specimen at 2000°F i135OoK) than is required t o  reproduce the  
sane SPL a t  r o w  tenperature.  
A conservative assumption was made t h s t  tk a i r  
A n  analys is  of 
Certain & r o b l a  ex i s t  i n  t i e  a b i l i t y  t o  t e s t  l a rge  tes% a r t i c l e s  i n  a 
the rza l  acoust ic  environment t h a t  may affect t h e  f e a s i b t l i t y  of such t e s t i n g .  It 
q- be four? that t h e  hea2ers w i l l  be i:ioperable i n  the  acoust ic  environment &ue 
- 
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t o  failures caused by sonic fa t igue.  
neasuwe and monitor t h e  various test parameters. 
program iiust be conducted t o  construct a high temperature acoust ic  shroud t h a t  s l s o  
fanct ions as a radia t ion  re f lec tor .  
developed t o  +,he point  t o  permit thermel-acoustic tdsting on la rge  tes t  specimens 
at high temperetures. 
Instrumentation 5 a a  n3,t been cieveioped t o  
In  addi t ion,  a development 
In  general ,  t h e  state of t h e  art i s  not now 
The cos t  requireniects f3r thermal-acoustic t e s t i n g  were estimetee by Cieter- 
mining the  t o t a l  acoust ic  paver required t c  sinuiate t h e  desired themzl-acoust ic  
envirGment. 
w a t t  generators was required t o  reproduce t h e  desired SPL, and t h e  cost  of t h e  
acoustic shroild w a s  e s t h t e d  t o  be $400,000. The t9tal cost of t h e  t h e n a l  
accust ic  f a c i l i t y  f o r  a fdi scale tesi  a r t i c l e  that sinulates e 170 db SPL at 
room temgeraturs was  estimtei? t o  be $18,&co ,Uoo Yhich includes t h e  acoust ic  
generetors , acoust ic  shroud, end a 1,000,000 scfn  (28,300 m3/nin) compressed a i r  
susply. 
and are not inciiided separGtely ir: t he  cos', of t h e  t h o m a l  accas t ic  f e c i l i t y .  
6-4.2.6 Mechmical LsaainR Systems - Loads ac t ing  on 2 ty-pical -rehicle may result 
f ron  aerodynamic pressure hacling, i n e r t i a  loads,  pressure d2f feren t ia l s  , and t h r u s t  
react ion loads ammg other  possible  fac tors .  The S t ruc tu rz l  Research F a c i l i t y  must 
have t h e  capabi l i ty  t o  simulate these  l a d i n g  methods. 
techniques t h a t  siroulete t h e  desired vehic'e loads nay inclcde i n t e r n a l  or externa l  
pressurizat ion,  loading s y s t e m  tha t  haTre mechanical attachments t o  t h e  s t ruc tu re  
and t h e  loads applied by hydraulic load:.ng cyl inders ,  end pressure bags. The hy- 
drzu l ic  loading cy l incer  method hes t h e  widest application. 
The acocs t ic  poser w a s  supplied by whatever number of 30,000 acoust ic  
The t t e m a l  requirenen%s =e similar t o  %Sat described i n  Section 6.4.2.2 
Typical laboratory loading 
The na jor  eqilpmeat i n  the  hy&rp.ulic loading systems inci:des loading cylin- 
The s t r u c t u r a l  t es t  f a c i l i , g  m!s t  in- 
ders ,  hydraulic pm?s, computer ope-ated load prcgrammer, servo cont ro l  systen,  and 
load monitoring and ;-eccrding in s t r - aen t s .  
clude load reac t ion  f ix tu re s  slid a load bearing f loo r  t o  rigid..-y mount t he  specimen 
and t h e  loacing apparatus. 
coinpared i n  t h i s  t radeoff  study. The loading concepts s t u l i e d  were: load-carrying 
bui lding t o  which loads may be reacted,  a special  test frame surrounding tine test 
a r t i c l e  t o  which loads may be a%tached, and individual  tension-compression load cy- 
l inders  a t tached t o  a s t r u c t u r a l  load bearing f loo r .  
T c e e  techniques of hydraulic lczd zppl icat ion w e r e  
The mosb important f ac to r s  in dete imhing  t h e  cos t  of these  loading techniques 
i s  t h e  cost of t h e  reac t ion  s t ruc tu re ,  which i s  dependent on t h e  weight of t he  s t ruc-  
ture and t h e  number of loading channels required. Tie load-carrying bui lding and 
t es t  frame loading techniques are e s sen t i a l ly  t h e  same except f o r  t h e  type of t h e  
reect ion fixture. The load-ca-rjing bui lding gives the  utmost i n  f a c i l i t y  f l ex i -  
b i l i t y  because t h e  test can be performed at sny loca t ion  i n  t h e  bui lding,  paking 
the bes t  use of avai lable  f l o o r  space with t h e  minimum e f fo r t  expended. i n  the  design 
and fabr ica t ion  of specj.al loadlng fixtures. 
speciar.ized test fixtures be designed t o  conallct pa r t i cu la r  t e s t s .  Because t h e  tes t  
f x m e  is  designed t o  do a sgec i f i c  t a sk ,  a mininum s i z e  t e s t  frame can be con- 
s t ruc ted  using t h e  smellest  amount of m a t e r i d .  
designed t o  support t h e  most severe loading condition over ?'ts e n t i r e  area with a 
subs t an t i a l  sa fe ty  factor .  
ing building may never be used i n  ac tua l  t z s t  oserat ions.  
t u ra l  elements of t h e  load-carrying bu i ld i rg  and t es t  frame were calculated -Xing 
The t e s t  frarte approach requires  t h a t  
The load-Tarrying bui lding must be 
Herce , t h e  extra s t ruc tu re  required fo r  t h e  load-carry- 
The weights of t he  s t ruc-  
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recognized estimating techniques. 
s t r cc tu re  so as t o  include mzter ia l ,  febr ica t ion ,  and erec t ion  costs .  
a bas ic  bui lding s h e l l  w a s  assmed ana a l l  r ’ac i l i t i es  i n c l d t -  EL load-bearing f loor .  
For the  loed-carrylng bui lding and t h e  test frame, t h e  saae r.lmioer of load channels 
were used. 
Costs were developed based on zhe weight of  t he  
In  a l l  cases ,  
Recent tests of l a rge  c o m e r c i a l  t ranspor t s  have revealed t h a t  t h e  individual  
load cyl inder  techniqce more &ccurstcly simulates aerodycamic l i f t .  
lift w a s  simulated by bonding tension pads t o  t h e  top  surface of t h e  wing znd p a l -  
ing  an apward ac t ing  load. This cet.hod was  not s a t i s f ac to ry  on l a rge r  a i rcraf t  be- 
cause tine l czd  was not t ransfer red  t o  t h e  s t ruc tu re  In  a manner s i m i l a r  t o  ac tua l  
lift. 
i? t h e  underside of t h e  wing at s t r u c t u r a l  hard?oin+,s and ap>lying upward actlzti: 
ir-dik5dua.l losds t o  each p c h t .  
are capable of beicg applied e i t h e r  i n  tension o r  compression e l in i ca t e s  the need 
f o r  a l a rge  overhead t e s t  f rane o r  a loa&-carrying building. If lateral loads o r  
ce r t a in  v e r t i c d  h a d s  cannot be applied by a t tacn tng  t h e  load cyl inders  t o  t h e  
f lmr,  smaller t es t  j i p  w i l l  bc necessary. 
In  t h e  pas t ,  
The individual  loading cy l i rde r  technique involves a t tach ing  lo&ding points  
The sTplicatior;  of lndividual ly  applied loadr t h a t  
The individual  load cylLi4er technique w i l l  increase t h e  number of lozd chm- 
nels  t h a t  XI be requ-red. It - a s  assuned t h a t  one ind iv idca l  cyl incer  w i l l  be 
required f x  ezch 9 ft (.835 rr; ) of plan area, where f o r  t h e  tes t  qame o r  l2ad- 
czrrying bui lding technique, one cylindei. is required f o r  eech 32 fi (2.98 n; 1. 
Fewer load cylinders c2n be used f o r  t h e  test frame technique because many individ- 
u d  loazing poin ts  c a  be combined iilto m e  load by u t i l i z i c g  mechvliczl whiff le  
trees. For t h e  P L - S C C  2 operation$ vehicle  test  a r t i c l e  site, 500 chamels  e re  
required f o r  t h e  losd-c. l r ry ing  bui lding end tes t  f r m e  methods corqered t o  1700 
chvlnels f o r  t h e  individual  h a d  c y l i n l e r  techniques. 
?? 2 
The cos ts  f o r  t he  load-carrying bui lding,  test frame , sad individual  loading 
cyl inder  a r e  conpare2 in  Figure 1-103. I n  order t o  simulste F l igh t  loading condi- 
t i c n s  , loads w i l l  be required t h a t  simulate s t a t i c  loading lei-els , t r ans i en t  lozding 
and unloaaing rates, a-3 quasi-s ta t ic  load cycles.  It WRS detgrmined t h a t  a l l  &e- 
chaaical  loads should be applied by f u l l y  autoxtiatic d i g i t e l  load prcgraminers t h a t  
control  serva hydraulic load cylinders.  
loaded is  dependent on the  def lec t ion  r a t e  of t h e  s t ruc tu re  being t e s t e d ,  h y d r a d i c  
pumping capacity,  and t h e  magni’ude of t h e  loads applied by each h y k a u l i c  loeding 
cy1i:der. 
iifned u n t i l  t n e  s t r u c t u r a l  cha rac t e r i s t i c s  are known, but based on pas t  experience 
at MCAIR, loading r a t e s  up t o  400,000 p x n d s  (1,778,000 N)/second and loa2  cycling 
of up t o  5 Hz can be achieved, i f  t h e  load magnitude i s  less than 20,000 pounds 
(90,000 11). 
appiy only s t a t i c  load levels, t h e r e  i s  no addi t iona l  cos t  for t h e  added capabil- 
i t i e s  of trazsient loading and load cycling. 
6.4.2.7 
p ro f i l e s  of t he  various hypersonic vehicles  included i n  L- study, it may be nec- 
essary t o  cooi t he  s t ruc tu re  at a r a t e  i n  excess of t h e  natural cz10180wn rate ex- 
perienced i~ zh.0 +&=.; setu~. The type and amount of cooling t h a t  w i l l  be required 
t o  slmulatt t 
thermal p ic .  yy-. ‘r’3s‘en f o r  t he  vehicle.  The thermal protect ion systems 
present:d b =  - : . > s t  be e i t h e r  of t h e  passive o r  ac t ive  type. Generally, 
The rate at which t h e  specimen can be . 
The precise  rate at which the  tes t  a r t i c l e  can be loaded cannot be deter- 
Since these  capab i l i t i e s  are included i n  t h e  bas ic  system chosen t o  
Refrigeration Requirements - In ordzr t o  simulat- t h e  temperature-tiite 
. - e ~ ~ ~ - : . -  p r o f i l e  of  t he  airframe is dependent on the  type of 
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FIGURE 6-103 
DYNAMIC STRUCTURAL EVALUATION FACILITY LOADING METHOD COSTS 
FOR FULL SCALE VEHICLES 
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the  passive system w i l l  consis t  Tf a high temperature rad ia t ion  shingle  separated 
from the  major s t ruc tu ra l  membel : by passive insu la t ion ,  while th2 ac t ive  system 
uti].izes a s i m i l a r  r ad ia t ion  shirigle which i s  separated from t h e  mzin s t r u c t u r a l  by 
an ac t ive  water-vick thermal barrier. Ir both t h e  ac t ive  and passive systems, t h e  
high temperature rae ia t ion  shinglzs were assumed t o  cool very r a p i i l y  t o  moderate 
temperatiires (300 t o  500°F o r  145 t o  260Oc) and had a r e l a t i v e l y  low heat capacity 
due t o  t h e i r  s m a l l  mass. 
contained i n  t he  s t ruc ture .  
The major port ion of the  heat t h a t  must be removed IS 
MCDONUEU AlRCSILIFt 
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FIGURE 6-104 
TYPICAL STRUCTURE IN NONFUEL AREA OF MACH 4.5 VEHICLE 
*ne '41 Coinposite rR- RrdiatiGn Shinele 
Assurned Maximum 
" 
A s w d  Maximrm 
Shingle 10,600 
0.176 35,900 
If the  act ive thermal protect ion system i s  used, t he  temperature of  t h e  struc- 
ture w i l l  nat exceed t h e  b o i l i w  poini 01 t h e  f l u i d  used i n  the  ac t ive  thermal 
bar r ie r .  
t h a t  incorporate an act.?;= t.h~_i.ad- protect ion system and f o r  t e s t  reqcirements t h a t  
do not require reduced temperzt.tilre environments. 
through the  passive insulat ion,  it may be possible t o  subject t h e  primary s t ruc ture  
t o  over-temperatures i f  the  length of t i m e  which t h e  pzssive system i s  subjected t o  
elevated temperatures i s  suf f ic ien t .  Due t o  t t e  thermal l a g  charac te r i s t ics  of t h e  
passive system, t k  structure  may not be subjected t o  over-tc;peratures u n t i l  some 
time after the  high speed portion of the  f l i g h t  has been com2leted. 
condicted t o  cietemine the  best  technique of cooling t i e  s t ruc ture ,  t he  quantity of 
cooling f l u i d  t h s t  ms t  be supplied, and the f e a s i b r i i t y  of completing t h e  cooling 
of t he  a i rc rafc  s t ruc ture  by external nethod:. e;'ter landing. 
fo r  a Mach 4.5 vehicle with a passive thermal yrotection system was assumed. 
s t ruc ture  and the  assumed heat capaci t ies  of  the  s t ruc t c re  a re  shown i n  Figure 6-104. 
The amount of heat t h a t  must be removed by t h e  cooling system m s  deteimined by 
assuning t h a t  a l l  the  heat contaired i n  the  s t ruc ture  and 1 /2  the  heat i n  t h e  insu- 
l a t i o n  i s  removed by the  cooling air. 
the  Piill scale  vehicle was  k1,COO f t 2  (3810 ni2) and ocly t h e  non-fuel arees of t h e  
s t ruc ture  which were assumed t o  account for  7 U  percent Df the  surface area,  o r  
28,700 f't2 (2660 m2), s;ist be cooled. It w a s  a l so  assumed t h a t  t he  m a x i m u m  permis- 
s i b l e  temperature of the  primary s t ruc ture  was 300°F (150OC) an6 t h e  bulk temper- 
a ture  of the  insulat ion 750°F (4OOOC). Thus, the  h t a l  heat t h a t  must be removed 
vas found t o  be 5.2 x 106 Btu (5.49 x lo9 J). 
Kence, it was assumed no re f r igera t ion  w i l l  be  required f o r  s t ruc tures  
Because heat i s  t ransfer red  
A study was 
A t yp ica l  s t ruc ture  
The 
It was assumed t h a t  t h e  t o t a l  swface area o f  
Assuming no heat Ls removed from the  h i  :ior of the  airframe by convection, 
it is  estimated t h a t  from 8 t o  10 hours w i l - l  be required fo r  t he  s t ruc ture  t o  cool 
t o  7O0F ( 2 2 O C ) ,  as it is i n s t a l l ed  i n  the  t e s t  setup with no forced cc;)ling. 
overcome t he  insu la t ing  charac te r i s t ics  of t h e  +ssive insulat ion t h a t  prevents a 
To 
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more rapid cooldown, a la rge  tmpera tu re  difference between t h e  s t ruc tu re  and t h e  
cooling a i r  is required. 
of cooling a i r  can be ch i l l ed  by re f r igera t ion  is  ap2roximately -65°F ( - 5 h o C ) ,  thus 
l imi t ing  tne  maximum temperature difference t o  365°F (187°C). Because a l a rge  t e m -  
perature iiifference cannot be obtained, only a low heat t r a n s f e r  rate tb.?-ougll t h e  
passive insu la t ion  i s  possible.  
passing cooling air over t h e  ex te r io r  surface of t h e  vehicle.  
i n t e r i o r  of t he  s t ruc tu re  and blow cooling a i r  d i r e c t l y  on t h e  hested s t ruc ture .  
Assuming t h a t  a l l  t.he cooling w a s  achieved by convection, t h e  cooling r a t e  I s  
dependent on t h e  film heat t r ans fe r  coef f ic ien t  and t h e  temperature difference.  
The heat t r ans fe r  coef f ic ien t  i s  proportional t o  t h e  ve loc i ty  of t he  cooling air 
passing-over the  s t ruc ture ,  anC it was assumed t h a t  t h e  maximum obtainable hezt 
trznsfer coeff ic ient  w a s  1 0  Btu/hr f t 2  OF (20.3 x 105 J / h r  m2 "C) due t o  cooling 
air veloci ty  limitP5ions. 
neat t ransfer  coef f ic ien t  i s  10  Btu/hr f t 2  OF (20.3 x l o 5  J / h r  n2 "C) , t h e  t o t a l  
heat transfer r a t e  (9) i s  3.8 x 107 Btu/hr ( 4 . 0  x 1d.O J / h r ) .  
coolicg a i r  can be d i r e c t l y  impinged on the  s t ruc tu re ,  t h e  primary s t ruc tu re  can 
be cooled from 300°F (150°C) t o  70°F (22°C) i n  l e s s  than 10  minutes. 
not avai lable  t o  t h e  backside of t he  s t ruc ture ,  ground cool i r4  i s  of l i t t l e  benef i t  
regzrdless of t he  type and amount of t he  cooling system. 
"he lowest p r a c t i c a l  t.emperature t o  which la rge  quac ' i i t ies  
Thus, it is  not f eas ib l e  t o  cool t h e  s t ruc tu re  by 
!dl a l t e rna t ive  cooling technique i s  t o  bul ld  a spec ia l  manifold system on t h e  
- -  - 
I f  70°F (22OC) air  i s  used as the  cuoling f l c i d  and t h e  
This shows t h a t  if 
If access i s  
The cooling requirements cos t  estimates were based on t h e  preceding analysis  
and t he  assumption t h a t  no reduced tenperature  t e s t s  are rea-uired. The only 
cooling t h a t  i s  required is  t o  duct ambient t a p e r a t u r e  a i r  over t he  ins ide  surface 
of the structul-e t k o u g h  a spec ia l  manifold. It i s  e s t b a t e d  t h a t  1,000,000 scfm 
(283,168 m3/mi.n) of compressed a i r  a r e  required t o  cool a fill sca le  operational 
vehicle.  
t e s t i n g  and i s  estimated t o  cost  $13,500,000. 
This air capacity i s  included i n  f a c i l i t y ' s  c t i l i t i es  for  acoustic 
It may be found t h a t  a ground cooling u n i t  will be necessary t o  enable an 
cperat ional  vehicle  t o  have a rapid turnaround t i m e .  
it could be used i n  the  S t ruc tu ra l  Research F a c i l i t y  t o  cool t h e  t es t  a r t i c l e s .  
If such a un i t  i s  ava i lab le ,  
6.4.3 STRUCTURAL RESEARCH FACILITY (S2) - I n  Phase I of t'.'s study, nine struc- 
t u r a l  resersch f a c i l i t i e s  were examined t o  de+,ermine t h e i r  value i n  performing 
reseasch leading t o  the  development of an operat ional  hypersonic yrehlcle. For 
Phase 11, only t h e  S2 St ruc tu ra l  Research F a c i l i t y  w a s  re ta ined  f o r  fu r the r  s5udy. 
The S2 F a c i l i t y  includes the  capabi l i ty  t o  perform all ty-pes of s t r u c t u r a l  t e s t i n g  
conditions and environments on any of t h e  proposed cpera t iona l  vehicles .  
6.4.3.1 F a c i l i t y  Specif icat ions - The building i n  which t h e  f a c i l i t y  i s  contain-.l 
i s  a minimum cost. bui lding,  which w i l l  incorporate three  primary sect ions:  
loiq bay, and kigh bay areas .  
storage , t e s t  cont ro l  rooms , fabr ica t ion  shops , instrumentation, and small a r t i c l e  
t e s t ing .  
t h a t  bearing loads of 7O,OOG psf (348,000 kg/m ) and shear and tension loads of 
100 kips (45,360 kg) oc 4 foot  (1 .2  m )  centers  may be reacted.  
services  over a l l  s t r u c t u r a l  t e s t  and fabr ica t ion  areas  of a t  l e a s t  10 ton  (9072 kg) 
capacity should be provided. 
influenced b y  t h e  s i z e  of t h e  test a r t i c l e s .  
o f f i ces ,  
The low bay areas  w i l l  provlde space f o r  equipruent 
The high bay areas  w i l ;  incorporate 3 load reac t ing  s t r u c t u r a l  f loor  such 
h e r h e a d  crane 
The s i z e  of t h e  s t r u c t u r a l  t e s t  building i s  d i r e c t l y  
A generalized schematic of t h e  52 
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f a c i l i t y  i s  shown i n  Figure 6-105. 
cated t h a t  tes t  a r t i c l e s  represent ing major s t r u c t u r a l  sectioirs ol" f u l l  sca le  
hypersonic a i r c r a f t  were, i n  general ,  l a rge  enough t c  obta i r  t es t  data  uncom- 
promised by unknown end e f f ec t s  o r  in te rac t ians  and ye t  small enougi t o  achieve 
considerable acquis i t ion and cost  savings compared t o  a f a c i l i t y  s ized fo r  a com- 
p l e t e  vehicle.  
f a c r l i t y  with t h e  capabi l i ty  t o  t e s t  a major sec t ion  of an operat ional  hypersonic 
a i r c r a f t .  
The parametric s tudies  i n  Section 6.4.2 indi-  
Accordingly, t h e  basel ine de f in i t i on  f o r  52 has been chosen as a 
In  order t h a t  t he  capabili'.ies and cos ts  of such a f a c i l i t y  may be compared 
on the  bas i s  of tes t  a r t i c l e  si7.-, two a l t e rna te  f a c i l i t y  de f in i t i ons  have been 
mde .  
Alternate 2 i s  sized for  a i r c r a f t  component t e s t ing .  Figure 6-106 character izes  
the  t e s t  specimeca used i n  t h e  three  f a c i l i t y  def in i t ions  and Figure 6-107 
summarizes the  s i zes  and capac i t ies  of the  various systems provided i n  the  three  
f a c i l i t i e s .  
Alternate 1 is a faci1,ty s ized f o r  a conplete fill sca le  vehicle  and 
6.4.3.2 
of t he  basel ine and a l t e r n a t e  f a c i l i t i e s .  Cost estimates of individual  compont=.sts 
F a c i l i t y  Component and Cost Summary - Figure 6-108a shows a cos t  breakdown 
or systems were made according t o  t h e  guidelines given i n  Section 6.1. A v i sua l  
display of t he  r e l a t i v e  proportion of t h e  cos t  of each f a c i l i t y  element i s  shown 
i n  Figure 6-108b. The area of t h e  "pie" char t s  is proportional t o  t h e  t o t a l  
f a c i l i t y  acquis i t ion  cos t .  Thermal sirculation accounts f o r  a major share of each 
f a c i l i t y  cos t ,  so t h a t  any possible  reduction of t h e  heating requirements would 
have a major impact on t o t a l  f a c i l i z y  cos ts .  A breakdown of t h e  f a c i l i t y  operating 
costs  per t o t a l  ava i lab le  occupancy hour i s  shown i n  Figure 6-108~. These cos t s  
w?re estimated according t o  the  operating model given i n  Smt ion  6.1.13. It 
should be remembered t h a t  t he  cos t  of a given tes t  must be determined according 
t o  t h e  spec i f ic  equipment and u t i l i t i e s  used, whereas t h e  f igures  given represent 
t he  annxal cos t  of operating a l l  t he  f a c i l i t y  systems, divided by 3.000 avai lable  
occupancy hours. 
6.4.3.3 
ex is t ing ,  off-the-shelf equipment. Except fo r  thermal-acoustic t e s t i n g  at high 
temperatures , t he  technology required t o  s t ruc tu ra l ly  t e s t  a hypersonic vehicle  i s  
now i n  existence.  The f e a s i b i l i t y  and operation of such la rge  t e s t  setups c rea tes  
doubts as t o  the  p r a c t i c a l i t y  of such t e s t s .  Past  s t r u c t u r a l  t e s t s  have shown t h a t  
as the  complexity and s i ze  of t h e  tes t  increase,  operat ional  problems tend t o  
d r a s t i c a l l y  increase.  Tests of t h i s  magnitude w j X .  require  a major engineering and 
managenent e f f o r t  t o  assure snccess. 
l e v e l  of 4 because of Lhe large s i z e  and capabi l i ty  of the  t t s t  equipment and the  
need f o r  combined environmental simulations. 
F a c i l i t y  Development Assessment - The S2 f a c i l i t y  i s  primarily canposed of 
I s  general ,  t he  f a c i l i t y  has a confidence 
6.4.4 
werz evzua ted  t o  determine t h e i r  a b i l i t y  t o  eccomDlish t h e  research indicated i n  
FACILITY En'ALUATION AND CONCLUSIONS - Existing s t r u c t u r a l  t e s t  f a c j l i t i e s  
--e 
t he  appl icable  research object ives .  
f e c i l i t i e s  coul2 accaiiplish 38 percent of t he  required research. 
vas then evaluated i n  conjunction with the  ex is t ing  f a c i l i t i e s ,  and the  tota.'. 
research v a l w  was found t o  be 42, 51, and 55 percent when t h e  S2 f a c i l i t y  was 
sized f o r  component, major sec t ion ,  and fu l l - sca le  sized t e s t  a r t i c l e s ,  respec- 
t ivc ly  . 
It Gas found t h a t  t h e  ex is t ing  s t r u c t u r a l  t e s t  
The S2 f a c i l i t y  
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FIGURE 6-105 
S2 STRUCTURAL RESEARCH FACILITY SCHEMATIC LAYOUT 
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- 
Facil5 t y  Conponent 
Acquisitic:; Cosi-s 
L .  IX’ILDIGG C O l . P L M  (Lsb/Office/Control Total  
Room/Fabrication Shops ) 
c o s t  Est 
Easeline 
Major 
Section 
._ 
&347 
2.1 
2.2 
2.3 
2.4 
2-5 
1 
I 
I 
X%itude  Simulation Systen? su’o Total  
Chanber (Incorpcrates Etructural  
Floor) 
Steam Ejector System 
Thermal S k u l a t i o n  System Bulj Total  
Heaters ( I n f z e e d  - Quartz and Graphite) 
7 303U 
1,280 
6.601 
48,280 
I 223650 
2,83C 
16,800 
g ,180 
2,187 
356 
715 
211 
476 
423 
2&z- 
2,020 
180 
6 ,goo 
Controllers aid Ignitrons 
FJec t r ica l  SuLstatior, 
Electromechanical Vibration Sub Total  
Exciters 
Xechanical Loading Systeo Si;b Total 
Hydraulic Pumps, 6GOO p s i  (414OX/cm2) 
h a d  bogrammers 
Load Cylinders 
Load Transducers 
T e s t  Fixtures 
Acoustic Simulation System Sub Total  
Acoustic Generators 
Acoustic Shroud (Plane Wave T c b e )  
A i r  Supply - 1,000,000 sei. (28,300~1 3 /min) 
4::or ut. 1) 
A l t  1 
N l  
Scale 
I_ 5,347 
23,602 
4,302 
19,301? 
lC3,25& 
49,724 
19,050 
34,480 
21,000 
4,595 
750 
i ,500 
444 
1,000 
go1 
18,400 
4,500 
400 
13 3 0 0  -
A l t  2 
Compo- 
nent 
- 5 3 34’7 - 
a 7 8 4  
1,520 - 
820 
700 
12,456 
S,C’JgG 
2 ’r 320 
4,446 
2,620 
560 
91 
193 
53 
122 
111 
2,295 
-- 
562 
43 
1,690 
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. -\ - 11,995 
1,610 
1,605 
7,600 
600 
FIGURE 6-iOSa (Continued) 
S2 FACILITY COMPONENT AND COST SUMMARY - 
21,150 2,626 
1,610 1,610 
1,605 1,605 
11,680 4,492 
800 8co 
2.6 Instrumentation (Data Acquisi- Sib Tota l  
t i o n  System, ,Transducerz D a t e  
Reduction) 
2.7 General Fur2ose Lcb E q u i p n t  Sub Total  
2.8 Fabrication Equipzent Sub Tota l  
2.9 Cryogenic Fuel Floii (Storage Sub Total  
and pumping) 
1. SERVICES Ah?) UTILITIES (Includes Sub Total  
Water, Air ,  Power) 
- 
Sum Tot& 
10% Con'iingency 
F a c i l i t y  Cost 
6% A&E Fee 
4% Management Fee 
Grand Total 
I I 
It was rcccgnized t h a t  t h e  research value of t h e  S2 f a c i l i t y  ccm-d be en- 
nan:e5 i f  elements of other  f a c i l i t i e s  t h a t  were not re ta ined R r  fsIri:her study i n  
Phase TI could be added t o  t h e  S2 f a c i l i t y .  A new f a c i l i t y  (S29)  VELF evaluated 
t h a t  ccntpined tu? capab i l i t i e s  of t he  basel ine S2 f a c i l i t y  plu:; t w o  ;est  c e l l s  for  
thermal ~ .r,igue and acoust ic  fatigue t e s t i n g  and an accr le ra t i i ; .  Lr rcr  f o r  con- 
ductiilg f u e l  t v l k  .-l-osh C,ests. 
pl ishing 54 percent of the  required research. 
The S20 f a c i l i t y  w a s  found t o  be z+ai>le  of accoIT=- 
I-t was noted t h a t  t h e  E9 Scranjet  T e s t  F a c i l i t y  had the capabi l i ty  of t e s t i n g  
component sized s t r u c t u r a l  t e s t  specinens under fu l l - f l i gh t  flow conl i t ions .  
t h e  s t ruc ture  could be subjected t o  a c t w l  aerothrmdynamic heatiiig and aerodynamic 
loading. 
aerodynamic nozzle must be used t h a t  was estimated t o  cos t  an addi1;ionnal $1.1 
mil l ion.  
S2, 520 and E9 were determined and a r e  shown i n  Figure 6-109. 
cos ts  are a l so  shown ir. 
Thus, 
In  order t o  pt-rform s t r u c t u r a l  t e s t i n g  i n  t h e  E9 f a c i l i t , r ,  a spec ia l  
The research value fc. t h e  combined Capabi l i t ies  of exis.'.ing f a c i l i t i e s ,  
F a c i l i t y  acqctisitton 
.qwe 6-109. 
The research values fo r  a i l  t he  f a c i l i t i e s  were analyzed ana a p1k-t of research 
value versus t e s t  a r t i c l e  s i z e  w a s  obtaiiied t h a t  shows t h e  e f f ec t  of ::.ncreasing t e s t  
a r t i c l e  s i z e  on research value. 
values hzre then p lo t ted  against  f a c i l i t y  acquis i t ion  cos t  t o  show the:, cost  effec- 
t iveness  of the  various f a c i l i t i e s .  
This curve i s  presented i n  Figure 6-:.10. Research 
These curves are shorn i n  Figure 6-111. 
- N E U  Al- F r  
(Page 6-234 is  Blmk) 
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FIGURE 6-IO& 
DlSTRiBUTlON OF FACILITY COMPONENT COSTS - SZ 
{Page 2-236 i s Blank)  
3 
Alteraate 1 
3 
Alternate 2 
Baseline 
Key 
1 Building Com$lex 7 lnstnrmentation 
2 Altitude Simulation System 8 General P u p a  Laboratw EqJipDVnt 
3 Them1 Siroulaticc: =;lsteui 9 Fabrication EQripment 
4 Electromcth&i:.Ia! Yihation Exciters 16 Cryogenic Storage and Pumping 
5 lldechanical Loading System 11 Services and Utilities 
6 Acoustic Simulation System 
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Total 
FIGURE 6-108~ 
S2 FACILiTY OPERATING COST SUMMARY 
I 
11,978 35,290 3,341 I I 
Operating Casts - Dollars Per Occupancy Hour 
Building lYk.ntenance 
Rst Equipment Maintexncj a d  Opmticn 
Service and Utilities Operatian 
Power and S t a m  
Baseline 
Major 
Section 
117 
4,M7 
2,718 
4,456 
Alt 1 
Full 
Scale 
~ 
lli 
10,224 
4,069 
20,880 
Alt 2 
nent 
CmpP 
1!7 
1,254 
640 
1,330 
A combined s t rucxura l  research f a c i l i t y  cons is t ing  of t he  S20 f a c i l i t y  suogie- 
inented by t h e  E9 engine t e a t  f a c i l i t y  with t h e  s t r u c t u r a l  t es t  nozzle, w a s  showa tc 
y ie ld  the  hi.ghe,t research value st the  lowest ccst ?or 2 f a c i l i t y  of s u f f i c i e c t  
capabi l i ty  t o  adequately v e r i f y  the  s t ruc tu re  of a hypsrscnic operzt ionzl  vehicle. 
It i s  estimated that a major port ion or‘ t h e  applicable Structures Sesew-ct; CFcjeezi.r-es 
can be accomplished i n  these  f a c i l i t i e s  f o r  zn zca_uisiticr- cc s t  or” 5 2 . 3  r?,illion 
dol la rs .  
6.4.5 
cons is t s  of 8 main buildir-g t h a t  has t h e  same equipment ana cepab i l i t g  contained i n  
t h e  basel ine 52 f a c i l i t y  ?or najor  sec t ion  t e s t  a r t i c l e s .  Compoaent t e s t  a r t i c l e  
s ized tes t  areas have been added sc thermal f a t igue  and acoust ic  fa t igue  res rarch  
can a l so  be perforned. 
CO:4BIJED STRUCTUrWL RESEWCH FACILITY (Q30) - The S20 f a - i l i t y  (Figure 6-112) 
X fxel  tank s losh accelerat ion t r ack  has a l so  been provided. 
6.4.5.1 
sented i n  Figure 6-113. 
F a 3 i l i t y  Specif icat ions - The spec i f ica t ions  of t h e  S20 f a c i l i t y  a r e  pre- 
6.4.5.2 
of S20 and t h e i r  t o t a l s  a r e  shown i n  Figure 6-114a. 
operating costs  i s  shown i n  Figure 6-114b, and, as f o r  S2, represents  +.he t o t a l  
cost  of operating a l l  t h e  equipment per avai lable  occupancy hour. 
acquis i t ion and operzting, of t he  supplemental t e s t i n g  Capabili ty represented by the  . 
F a c i l i t y  Compment and Cost Summary - A breakdovn of t he  component costs  
A breakdown -,f t he  f a c i l i t y  
The cos t s ,  both . 
engine t e s t  f a c i l i t y ,  are l i s t e d  i n  Section 6.3.9.2. 
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FACILITY 
- 
S2 Alternate  2 
ComponeLt of full 
sca le  a i r c r a f t  
S2 Baseline 
Major sect ion of 
full sca le  a i r c r a f t  
S2 Alternate  1 
Complete full sca l e  
520 
a i r c r a f t  
FIGURE 6-109 
FACILITY EVALUATION 
(structural) 
AVERAGE ACQUISITION 
RESEARCH COSTS 
(Percent ) OF DOLLARS) 
VALUE (MILLIONS 
See 
Note 1. 
42 (66) 
43.4 
51 (73 1 120.7 
55 (771 257.6 
54 (76 1 129.2 
- 
Struc t u r d  /Mat er i al 
Research Objectives 
1. Indicates research value with s t r u c t w a l  t es t  nozzle added t o  
E9 so component-sized s t r u c t u r a l  t e s t  a r t i c l e s  may be t e s t e d  under 
f u l l - f l i g h t  tempc; ;+we and air loads.  
2. Additional cos t  of E9 nozzle fo r  s t r u c t u r a l  t e s t i n g  is  $1.,100,000. 
MCWNNELL AIRCRBFI 
6-238 
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FIGURE 6-110 
FACILITY RESEARCH VALUE vs FACILITY SIZE FOR T H E  
STRUCTURAL RESEARCH FACILITY 
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FIGURE 6-111 
EVALUATION OF THE RESEARCH CAPABILITY OF T W  STRUCTURAL 
RESEARCH FACILITY AS A FUNCTION OF TEST kfiTlCLE 
SIZE AND ACQUISITION COST 
io0 I I 
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FIGURE 6-112 
S20 STRUCTURAL RESEARCH FACILITY SCHEMATIC LAYOUT 
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Cycllng R a t e  
biZCEmICAL VIBRATION 
Number of bkchanical Shakere - 
F'requency Range 
Cryogenic Fuel 'i'.slikage & Contrcl 
Cryogenic Pum-g ing 
30,003 lb (133,100 n' 
- 
FUEL FLOW 
System 
FUEL SLOSH ACCELERATION TRACK 
c 
Length 
Maximum Acceleration 
Te s t  Time 
J. 4 
FIGURE 6-113 
SPECIFICATIONS OF THE COMBINED STRUCTURAL RESEARCH FACILITY - S20 
( N / s e T )  
Hz - 
..- 
Hz - 
; t3  
(m3) 
(m3fmin 1 
gPm 
f-t 
(m 1 
g 
sec 
I 
2 2 THERMAL SYSTEX 
MLX. Heat Flux 50 f t  
Avg. Heat Flux 
Tota l  Available Power 
Number of Control Channels 
Heating Rates Obtainable 
(4.65 m ) 
1 
ALTITUDE 
Alt i tude Chamber Volume 
ACOUSTIC 
Acoustic Somd P,-essure Level 
Total  Acoustic Pou?r 
Accus-;ic Frequency 
Number o f  Acoustic Cena?rators 
k.ECHANICAL LGADS 
Number of Mechanical had ChLtmels 
Max. Load/Channel 
UNITS 
aB 
acois t  I c  
w a t t s  
I IZ  -- 
~~ 
PARAMETER 
CAPABILITY 
500 
40 
( 372 
430 
1000 
0 t o  30 
( 0  t o  16.7) 
( 5680 1 
170 
4.8 Y 10 
15-10,ooo 
150 
200 
50,000 
(222,000 ) 
400,006 
~1,778,000) 
0 t o  5 
20 
30-3000 
50,000 
(143.0 ) 
60,000 
(264) 
1530 
(45'1 
4 
4 
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5,900 
1,940 
- 10,599 
3,000 
1,610 
1,605 
6,660 
FIGURE 6-114a 
S20 FACILITY COMPONENT AND COST SUMMARY - 
Fac i l i t y  Com2one:lt 
J 
2.1 
2.2 
2 . 2  
2.L 
2.5 
2.6 
2.7 
2.8 
2.9 
Aitituie Sku le t f  .m System sub Tot& 
C i e r  
S t e a  Ejector S y s t m  
I f n e r d  S i n d s t i o n  Systec: sub T o t e l  
-. 
- z L e r d  Control 
Eerters  
z'ectricai Substztion 
Se.:C,rozechanfczl Vi'orstion Exciters Sub Total  
-- 
:.!ecirzr.icel Loa&izg Systen Sub T!ot&l 
F I G ~ S ,  Lcz6 Fzogr-rs, bed.  CylinCers Trenscccers 
Test Fixtures 
Acoustic S h d e t i o n  Systen Sub T o t d  
Acoustic Cinerecors 
Acoustic Test C e l l  
A i r  Supply 
Fuel Tank Slosh I ;xelerat iGn Track SIA Tocel. 
Instrlxaeiit at ion  "otzl  
Test Control Complex ,ab Total  
General Pwrpose Lab Ecp-.?rzl,pt Sub Total  
2.10 Fabrication Quipment Sub Total  
2 .11  Cryogenic Fuel Flow and Storage Sub Total  
in2 L~L 
? ,030 
1,280 
5,752 
&7,28!! 
- -4 ,  
8,630 
22,375 
1,828 
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FIGURE 6 4 4 a  (Continued) 
S20 FACILITY COMPOHEN',' AND COST SUWARY - 
3. SEXICES 9E UTILITIES Total I 800 
I 
SUR TotdL 1106,812 I I 
Co;i+.ingency 10% 
Faci l i ty  Cost 117,493 
A&E 9ee 6% 7,000 
t.%nageEent Fee 115 
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F!GURE 6-l lJb 
S20 FACILITY OPERATING COST SUMMARY 
Operating Costs - Dollars Per O c w n c y  Hour 
Building Lintenarxe 
Test E q u i m t  Maintenaiice ad Qentii 
Rvnr a d  Steam 
Total 
173 
6623 
3cM 
T i  00 
!.4.5MI 
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0.5.1 
t h a t  of developicg usable mai;er’-als t h a t  w i l l  vithsttind t h e  loads and environments 
expected of a t y p i c a l  hycersocic ti jectory.  
designed t c  provide a facil i trg th:.t i s  capable of solving t h e  teckyology gaps 
indicated i n  t h e  \-arious mate, ia l s - re la ted  Research Objectives. 
group of f i v e  material research i zc i .  i t i e s  w a s  invest igated,  t h e i r  capabi l i ty  vas 
detemined,  and the i r  performance w a s  ra ted .  The capc?bili t ies of 211 t h e  n a t e r i z l s  
f e c i l i t i e s  w e r e  consolidated i n t o  one f a c i l i t y  f o r  further refinement i n  Phtse :Z. 
DFSIGB CRI”ER1A - Orie of ‘Lh? primary arecis i n  hypersonic research is  -
The Ihterials 3esearch F a c i l i t y  w a s  
In Phase I , a 
In Fhase I, it was apparent 3hP-t t he  materials research area d i f fe red  from 
r;he other technology areas 5etauz~t much of t h e  research tnat c m l d  be appl icable  
to t i e  hypersozlic vehicles  i s  c w r e n t l y  being conducted at ii>t ;d . la t ions a l l  over 
tile cowt ry .  
tec’ncology Yere reviewed with cogr-izaat mater ia l s  s p e c i a l i s t s  2.t NCAIR and it wzs 
generally f slt t h a t  t h e  LaboratGry equipment present ly  a-Jailable w a s  su f f i c i en t  
t o  deveLop tile required teck+ology. The X20 
sents  2 consolication of technological re=ources  at a c e n t r z l  loca t ion ,  r3ther  thzr, 
a f z c i f i t y  of --:que s i z e  or  innovatZ\e design pr inc ip les .  
tcs t isg la‘carztory , t h e  3‘20 
concept, where progrun related inaterids problems we invest igzted on a couyn- 
s k e 2  bas i s ,  integrated i n t o  subassemblies and components, a d  proof t e s t e d  i n  
coqsnent-sized test a r t i c i c s .  A l l  t h i s  work can be superlrised and coordinzted 
with other elezients of t h e  vehlcle  design program, t o  ensure proper t r ansmi t t a l  
of 6ztz a i  coordination of design changes which m y  be caiised by tes t  r e s u l t s .  
I n  Phase 11, tne research object ives  per ta lning t 2  bypersonic 
Materials Research F a c i l i t y  repre- 
A s  z cent ra l ized  
f a c i l i t y  r e a l l y  rey?resents a new test cznageroent 
6.5.2 E22 XATERLGS E E S W C H  FACILITY D’CSCRIPTIO3 - Tke basic  t a sks  of thy M20 
I’zcil i ty sre t o  c a n d x t  basic  naterials research, t o  deternine t h e  physical and 
t hem& propert ies  of c a d i b a t e  F t e r i a l s  tc Zevelop manufacturir,g techniques, 
a 5  t o  develop nozi-destrcctive t e s t i n g  nethods. 
th ree  general  lzboracories  which were: B t e r i a l  propert ies ,  fabr icz t ion  develop- 
z?nt , at5 son-destructlve t e s t i n g  laborator ies .  
I s  shovn i n  Figure 6-115. 
The f a c i l i t y  w a s  orgaaized i n t o  
A schemt ic  of t h e  E O  f a c i l i t y  
The basic  f a c i l i t y  cep&bi i i ty  depends so l e ly  on t h e  type ar;& amount of t h e  
t e s t  e c c i p e n t  lncluded i n  t h e  f a c i l i t y .  
2 list cf Z j o r  equipmer.t wcs conpiled thz: was Zzlculzted t o  accoEplish these  
objeczives. This equiolnent i s  representat ive of t h e  types of equipaent cur ren t ly  
incorporated i n  mterials f a c i l i t i e z  and i s  hown to be riecessary f o r  material 
research. 
f o r  each i t e m  of t es t  equipment. 
Using t:,e appl icable  research object ives ,  
It w a s  beyonci t h e  scope of t h i s  study t o  de t eminc  t h e  j u s t i f i c a t i o n  
The K20 f a c i l i t y  vi11 function by ident i fying cendidate r!ateriais thzt  appear 
t o  solve t h e  mterials problems. These candidate mater ia l s  vi11 then be inves t i -  
gated t o  determine t h e i r  3 royer t ies  and a b i l i t i e s  t o  be transformed in to  a usable 
s t ruc ture .  This s t ruc tu re  w i l l  then be t e s t e d  i n  t h e  S2 S t ruc tu ra i  Research 
F a c i l i t y  t o  evaluate  t h e  design and se lec ted  mater ia ls  i n  e r e a l i s t i c  t es t  environ- 
sen t .  Nondestruct ive t e s t i n g  and inspection methods w i l l  be concurrently 
developea t o  permit t h e  development of more e f f i c i e n t  designs,  manufacturing tech- 
niqces, a-d s t r u c t u r a l  repz i r  methsls. 
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FIGURE 6-115 
SCHEMGTIC LAYOUT OF MATERIALS RESEARCH FACILITY - M2O 
3 4 
5 
i 
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6.5.2.1 Faci1it.y Specif icat ions,  Components, and Cost Summary - The f a c i l i t y  
spec i f ica t ions ,  acquis i t ion  cos t s ,  and operating cos ts  are presented i n  Figure 6-116. 
The research capabilit: of t h e  f a c i l i t y  i s  directSy affected by t h e  type and amount 
of equipment included i n  t h e  f a c i l i t y .  
estimating t h e  cos t  of t h e  building complex, major t es t  equipment, and services  
ana u t i l i t i e s .  
fo r  each were determined. The cos t  of any combination of these  labora tor ies  ciin 
be determined by adding o r  subtract ing appropriate  equipment cos t s .  The cost  of 
t h e  building complex and u t i l i t i e s  can be reduced on a pro rats bas i s  if  reduced 
f a c i l i t y  capabi l i ty  i s  desired.  
e n t i r e  laboratory,  based on 2000 ava i lab le  occupancy hours per year.  
The acquis i t ion  cos t  w a s  determined by 
The equipment w a s  organized i n t o  th ree  labora tor ies  2nd the  cos ts  
Figure 6-116b summarizes t h e  cos t  of running t h e  
6.5.2.2 
included i n  t h i s  f a c i l i t y  are present ly  being used i n  materials research centers ,  
t he re  are no an t ic ipa ted  f a c i l i t y  development problems. 
apPl ica t le .  
F a c i l i t y  Development Assessment - Since a l l  t h e  types of tes t  equipment 
A confidence l e v e l  of 5 i s  
6.5.3 EVALUATION AINI? CONCLUSION - The 1420 f a c i l i t y  and ex i s t i ag  f a c i l i t i e s  were 
co l lec t ive ly  evaluates  and it w a s  determined t h a t  525 of t h e  applicable research 
object ives  can be accomplished. 
segregated from the  value of the  ex i s t ing  f a c i l i t i e s  and the  M20 f a c i l i t y  becailse 
both have s i m i l a r  c apab i l i t i e s .  It i s  i n t u i t i v e l y  f e l t  t h a t  a subs t an t i a l  increase 
i n  research can be accomplished i n  t h e  consolidated f a c i l i t y  through minimization 
of duplicated research e f f o r t s ;  cen t ra l ized  managemect of pro jec t  or iented research 
programs, from coupon t e s t i n g  t o  component fabr icat ions;  coordination with p;.oject 
design l eve l s  f o r  f l e x i b i l i t y  i n  design and engineering changes; un i f ied  da ta  
transmittal t o  government agencies and industry.  
materials research t o  i h e  e n t i r e  hypersonic e f f o r t  and t h e  r e l a t i v e l y  low acquisi-  
t i o n  cos t  of t h e  f a c i l i t y ,  t h e  M20 Materials Research F a c i l i t y  should be fu r the r  
s tudied i n  Phase 111. 
The added value of t h e  M20 f a c i l i t y  cannot be 
I n  view of t h e  importance of 
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FIGISRE 6-116a 
M20 MATERIALS RESEARCH FACILITY SPECIFiCATIONS, COMPONENT, AND COST SUMMARY 
. F a c i l i t y  Component 
I 1. BUILDIIJG COKPIXX 
-~ 
Tot a1 
2. TEST E($UIPkFXT Total  
2.1 Met a l lu rg i cLd  Labor a t  ory Sub Total  
Tensile T e s t  Machine 1 x 10 6 Lbs ( 4 . 4 ~ 1 0  6 1J) 
Impact T e s t  Machifie 500C Ft-Lbs (6750 6) 
-45OOF t o  +4500°F (-211OC t o  
2500OC) 
CreeF T e s t  Machine 20 k ip  -&50°F 
t o  +4500°F (88,0001~, -271OC t o  25OOOC) 
( 5 0  u n i t s )  
"hemal Propert ies  Determination 
A2paratus 
Electron Kcroscope 200 kv 1.5 A Resolutiou 
Scanning Electron Microsccpe 150 kV 1 0  A 
Resolutior 
Vacuum X-ray Spectrometer 75 kV 
Electron Nicroscope 
Low Energy Electron Dif f rac t ion  Caqera 
Hsrr?r Test.ers (3  u n i t s )  
1.5 xicopes, Optical  ( 5  u n i t s )  
Metalograph 
Vacuum Chmber 1 5  f t  d i m .  x 30 f t  long 
(4.5 m d i m .  x 9.1 m long) 
S a l t  Bath Furnace 3 f t  X 4 ft X 5 f t  
+1200°F t o  +24@0°F ( . 9  x 1.2 x 1 .5  ra) 
(680Oc t o  133OOC) 
Induction Furnace 30 kV 
0 
0 
2.2 Fabrication Development Laboratory Sub Total  
Electroc Beam Welder 
Laser Welding Machine 100 Watts 
Ultrasonic Welder 300 Watts 
N / C  Fusion Welder W / 5  Axis Table 
Cost E s t i m a t e  
SlOOO ' s 
2,172 
1,723 
150 
25 
337 
35 
110 
84 
27 
90 
50 
9 
6 
20 
740 
10 
30 
6,815 
128 
50 
35 
260 
M C ~ N N I C U  AIRCRAFT 
6249 
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FIGURE 6-116a (Continued) 
M20 MATERIALS RESEARCH FACILITY SPECIFICATIONS, COMPONENT, AND COST SUWARY 
MIG Welder 
TIG Welder 
Heliarc WeldPr 
Rolling M i l l  
S t re tch F rming Equipment 500 Ton 
Stretch Forming Equipment 350 Ton 
(3.1 x lo6 l:) 
Stretch Forming Equipment 100 Ton 
E lec t r i ca l  Discharge Machine 
Electro-Chemical MLlling Machine 
Cleaning Equipment 
Tube Bender 
Induction Welding &chine 
Pressure Forming Machine 
Glass Shot Teening Appar&.us 
Autoclave 80 x 40 x 20 f t  (24.2 x 12.2 
x 6.1 m )  500 p s i  (345N/cm2) 
1200'F (680'C) 
Vacuun Furnace 10 x 10 x 10 ft  (3 x 3 x 3 m) 
3000'F (1660~~) 
Hydrociave 10 i"i 3i.Y. ji 20 Zt - ( 3 - ~ - 6 - m )  
10,000 p s i  (6~oo:wn: 1 
(4.4 x 1 0  8 II) 
(.g x 106 N) 
2000'F ~1100'C) 
2.3 Non-Destructivs T e s t  and Inspection 
Laboratory 
X-ray RadiograFhic Machine 
Neutron Radiographic Machine 
Ultrasonic Inspection Equipment 
Thermal NDT Apparatus ( I R  Scanner) 
Microwave NDT Apparatus 
Holographic Interferometer .5 ft  x 8 f t  
x 50 ft (.1 x 2.4 x 15.3 m) 
Acoustic Emission NDT App'vatun 
Sub Tot& 
Fatigue M chine 1,0;30,000 lbs  
(4.4 x 10 8 if) 
500 
200 
65 
60 
3,140 
750 
627 
so 
80 
1 
1 
58 
400 
1 
168 
44 
200 
1,551 
70 
225 
57 
35 
30 
75 
30 
350 
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T h e y  Control S 
sec f t  (5.1 x 10 
Heaters) 153 Btu/ 
FIGURE 6-116a (Continued) 
M20 MATERIALS RESEARCH FACILITY SPECIFICATIONS, COMPONENT, AND COST SUMMARY 
72 
3. SERVICES AND UTILITIES Total 
Air Supply 
Water 
Refrigeration 
Electrical  
Cryogenic (is2, LO2, LN2)(Fuel Storage and D i s t .  System) 
Jp *-el Storage and Distribution System 
Data Acquisition and Reduction System 
500 Channels 
Astro Furnace SOOOOF (2800OC) 
Microwave Oven 
Ball Mill 
Gleeble 
854 
206 
20 
65 
20 
458 
75 
500 
12  
4 
I 1 
90 
2.4 Miscellaneous Laboratory Equipaent Sub Total I 1,426 
1 I 
I I 
Faci l i ty  Total 14,541 
Contingency 10% 1,454 
Faci l i ty  Tot& Cori 15,995 I ;',:<E R e  - 65 1 960 
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FIGURE 6-llSb 
M20 FACILITY OPERATING COST SUMMARY 
Operating Cads - Dollrs P u  Occupancy Hour 
Building Maintenance 
Test a d  Laboratory Equipment - bintenncc and Opetation 
Services ac< Utilities 
108 
815 
10 
Total 19.1 
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7.  GROUND RESEARCH FAXLITY SCREENTNG AND SELECTION 
Each of the  eleven grouid research f a c i l i t i e s  re ta ined from Phase I was evalu- 
a ted  t o  determine t h e  most favorable s ize .  The &wact .e r iz t ics  of these  f a c i l i t i e s  
and the  r a t iona le  f o r  selecGing t h e  combinations of spec i f ic  ground f a c i l i t i e s  t o  
accomplish a s igni f icant  port ion of t h e  t o t e l  required research i s  given i n  Sections 
6.3.8, 6.4.9, 6.5.h, and 6.6.3 f o r  each c l a s s  of ground research f a c i l i t y .  
The se lec t ion  of t h e  nost a t t r a c t i v e  f a c i l i t i e s  f o r  continued refinemer.t i n  
Phase 111, and recommendations, are given i n  Section 7.2. 
7.1 - FACILITY k.ESEARCH VALUES 
The de f in i t i on  of t h e  research value i s  given i n  Section 3.5.3 of 'rolume 111, 
Par t  1, an2 t'ne process of a r r iv ing  at  a t o t a l  f a c i l i t y  research value i s  explained 
therein.  Th? f a c i l i t y  research values (FRV)  8 s  applicable t o  four of t h e  po ten t i a l  
operational systems are given i n  Figure 7-1. These numbers were s r r lved  at  by sum- 
mation of t h e  individual  research value f o r  each Research Objective as presented i n  
Figures 3-27 t o  3-30 i n  Section 3.5.3. Unlike a f l i g h t  research f a c i l i t y  which i s  
capable of some poL-%ion of t h e  Research Objective i n  each technica l  area, simply be- 
cause it i s  a complete system which f l i e s ,  each ground research f a c i l i t y  represents  
a pa r t i cu la r  face t  of t he  o v e r d l  research program. The fundamental difference be- 
tween f l i g h t  research f a c i l i t i e s  and ground t e s t  f a c i l i t i e s  i s  i l l u s t r a t e d  i n  t h e  
sketch below. The f l i g h t  research vehicle has t h e  capabi l i ty  of doing research i n  
Typical Flight Research Vehicle 
onfigurations or Designs 
Roswch Vehicle 
/- 
a l l  applicable technica l  areas  and Gn a l l  systems ,.icorporated i n  t h e  vehicle ,  
throughout i t s  e n t i r e  t e s t  regime. Only %hose systems and configurations 
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TOTAL 
EXISTING 
GD3 
GD20 
0 7  
E6 
E20 
38 
E9 
s2 
hi20 
* c/1 
c/2 
c/3 
c /4  
c / 5  
FIGURE 7-1 
FAC!LITIES RESEARCH VALUES - BASELINE FACILITIES 
(Capability of Existing Plu: New Facilities) 
OPERATIONAL SYSTEM 
L2 c1 MI. M2 
8905 889 7 7947 gr104 
3295 4425 4646 3203 
3949 4955 5201 3957 
3844 4569 4786 3781. 
3539 49 41 5091 3156 
389 8 5372 5547 3940 
41 42 4971 5163 4122 
4035 5024 5203 3974 
409 8 5153 5211 399 7 
365 3 4773 49 36 3563 
430 6 5019 5254 4230 
__I 
4689 5422 5661 4652 
5457 6434 6545 5463 
6593 7438 71 55 6614 
49 4 i  6133 6304 4931. 
6218 7108 6994 . 6227 
* Ilesearch values of vmious combinations of f a c i l i t i e s  were 
calculated.  The key t o  t he  conbination code is: 
C / 1  = GD20 + GD7 
C/3 = C / 2  + E9 
c/2 = c / 1  9 F20 
c/4 = c/3 + s2 
c/5 = c /4  + M20 
incorporated i n  t h e  vehicle can be evaluated. A ground f a c i l i t y ,  on t h e  other  hand, 
can yerform t e s t i n g  only i n  a l imited amount of techr:cal  areas, and only throughout 
i t s  design t e s t  regime. 
configurations,  including p a r t i a l  and therefore  unflyable configurations.  
t he  f l i g h t  research vehicle  i s  i t s  own test a r t i c l e ,  a kround f a c i l i t y  i s  a means of 
providing t h e  proper envirormental conditions , and once constructed,, i s  avai lable  
f o r  t e s t i n g  many diverse programs over the  l i fe t ime of t he  f a c i l i t y .  These bas5.c 
differences must be copsidered when comparing r e l a t i v e  research values cf f l i g h t  and 
ground t e s t  f a c i l i t i e s .  In f a c t ,  because of these  differences,  f l i g h t  and ground 
tes t  f a c i l i t i e s  cannot be cor.sidered as canpet i t ive a l t e rna te s  , but as ccmplirnentaiy 
t es i  methods, both of which are  necessary for the  ul t imate  tcchnica l  and economic 
success of an operat ional  hypersonic! system. 
This t e s t i n g  can be performed on any number of designs o r  
&hereas 
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FIGURE 7-1 (Continaed) 
FACILITIES RESEARCH VALUES - BASELINE FACILITIES - 
(Capabiiity of Existing Plus New Facilities) 
a 3  
GDXJ 
m7 
EG 
E20 
E8 
E9 
s2 
1420 
~ 
40 
48 
43 
39 
43 
46 
45 
46 
41 
~~ 
46 
56 
51 
55 
60 
55 
56 
57 
53 
100 
58 
40 
66 
60 
64 
69 
65 
65 
0'5 
62 
103 
35 
~ ~~ 
42 
47 
42 
30 
43 
$5 
LL: 
b4 
39 
I 
The sketch also i l l u s t r a t e s  t h e  fact t h a t  t he  various gromd t e s t  f a c i l i -  
t i es  are ncr,-zoqetit ive with each other.  
t i es  included jri t he  study arc Reynolds number-VAch number simulatcrs m i c h  cover 
t!ie same technical  tes t  areas, represented by the  -?er t icai  height of the block 
tgpiPjing the  grcmd f z c i l i t i z s .  E22h of t h e  th ree  t es t  iegs of these  f i c i l i t i e s  
cover a d i f fe ren t  tes t  regime, however, with an overlap of one-half of a Xach nun- 
ber. Therefore, all th ree  tes t  legs  are necessary t o  completely span t h e  full  Mach 
r s g e  r ~ c g f r e d  hy the operat-ional syst.ems. 
engine tes t  f a c i l i t i e s ,  t h e  turbo-machinery f a c i l i t i e s  coverin& t h e  t es t  i-ange up to 
Mach 6,  and t h e  s c r z j e t  t e s t  f a c i l i t i e s  going from Mach 3 t o  12. 
i t i v e  f a c i l i t i e s  i n  t h e  study are  th2  E8 
essent ia l ly  the  same t e s t  regime, but d i f f e r  grea t ly  i n  t h e  method of heat ing t h e  
t e s t  gas and i n  t h e  mmposition of t h e  t es t  gas. 
f a c i l i t i e s  cover a wide range of technical  test areas which don't du7l icate  each 
other ar t h s e  of -Che g a S d y n d C  O r  engine test f a c i l i t i e s .  These f a c i l i t i e s ,  m l i k e  
the gaSaYmuUiC anc ... 34ne t e s t  f a c i l i t i e s ,  each cover the  e n t i r s  applicable tes t  
r e g h e  range, so only one f a c i l i t y  of each type i s  necessary. 
For instance,  a l l  th?  gasdynamic fecil i-  
A simi7.ar observation i s  t r u e  f o r  t h e  
The only conpet- 
and E9 scramjet f a c i l i t i e s  which ccver 
The s t ruc tu ra i  and materials t e r t  
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7.2 FACILITY ZV$LVX!TXS 
TLe f z c i l i t y  evaluation v i l l  sunmrize the  results Fresented i n  the  sections 
discussing each c ~ k a g o r y  cf facilities ( ~ e s ~ ~ s n i c '  , vhg.ine , ~truc+,ures  , ttzteriak 1, 
and indicate why the f a c i l i t i e s  recomeaded for  Thase 111 were selected. 
7.2.1 
signif icant  increzient akove exis t ing capabi l i ty  leve ls ,  whicl- could provide a m j o r -  
G A S D Y X Z C  F A C X L I ! B  - The baseline gaswnamic f e c i l i t i e s  xere hased on a 
- 
i t y  of t h e  necesssry reseerch. 
aL letst &?1&1e t k e  ex is t ing  c e F b i l i t y ,  throughout t he  er; t ire range of Each .5 to 
13. 
The increment chosen w a s  ReynolSs nmber caSLbibility 
F?rovXe& t h i s  r,inirr;us increment, 2 series of r ' ec i l i t i es  were speclf ied 
covering t5e Xach mzber r a g e  of the  Sc ten t ia l  operational a i r c ra f t .  These fecil- 
i t i e s  ir, t h e i r  beseline specifications were sized to he t h e  m a l l e s t  Dossible based 
or =del strerlgth. 'dance capabili ty,  and i n l e t  duct detail. 
larger than t h i s  mirikm s ize ,  o r  of greater  Feynolds Dumber capabi l i ty  were evalE- 
ated, the  costs  i n c u r e d  i n  increesing the  c a p b i l i t y  great ly  exceeded the incresse 
i n  Research lre2cz, ES shown i n  Figure 7-2. For example, a group of f a c i l i t i e s  vith 
2.5 t h e s  the  baseline Rey?;olci_s number CapabilLty (Alternate 2) have 8 305 improve- 
ment i n  Research Value at a cost i x r e a s e  of 6003 =re tkm tine baseline fx-- i l i t 'es .  
Since the three test  legs incorporated i n  the  C / I  combination cover 2 i f fe ren t  par t s  
of the  Hac 
Mach nmber capabi l i ty  can be tolerate;.. 
conside;able ga~, i n  the Reynolds n d e r  capabi l i ty  of exis t ing f a c i l i t i e s  (refer- 
enced t o  the des i res  goal of at l e a s t  1 /5  maximm f l i g h t  Seynolds number) throu bout 
t h e  en t i r e  Hach nunber range. 
t hz r  study i n  Phase I11 ere GD20 and GD7 i n  t h e i r  baseline s izes .  
posshLe bJi integrat ing these i a c i l i t i e s  i n to  exis t ing wind tunnel complexes w i l l  be 
studied, and t h e i r  specif icat ions vi11 be refined i n  order t o  minimize t o t a l  costs  
vithout reductions i n  t e s t  capaoi l i t ies .  
When f a c i l i t i e s  
number range from .5 t o  13, a l l  three nust be provided unles3 a gap i n  
This i s  not recomended since there  is a 
For t h i s  reasog, t h e  f a c i l i t i e s  reconmended foz f m -  
The cost  savings 
7.2.2 ENGICE FACILITIES - The two basic categories of engine f a c i l i i i e s ,  t h e  turbo- 
machinery f a c i l i t i e s  and t h e  scramjet f a c i l i t i e s ,  are of such differ ing capabi l i t i es  
i n  t o t a l  pressure and temperature and mass flow, by v i r tue  of t he  f l i g h t  Mach number 
a d  e l t i t ude  conditions being duplicated, that  they wi31 be cotisidered separately i n  
t h i s  evaluation. 
The two turboma-chinery engine f a c i l i t i e s  can accommodate f u l l  scele  t m b o j e t  , 
tu;-bofans, turboramjets, and rarqjets of t he  s-ize projected f o r  the  1975 t o  1985 time 
period. 
associated w i t h  inlet/engine compatibility. Fac i l i t y  ~6 can operate a subsonic com- 
bustion engine ir! a d l rec t  connect mode under f l i g h t  duplicated conditions t o  Mach 
number 5.5. 
c i l i t y  capable of cluplicating the  f ree  stream conditions f o r  an i*llet/engine com- 
bination over the  range of f l i gh t  angles of at tack up t o  Mach 5.  
ing t h i s  f r ee  j e t  capabi l i ty  with f l i g h t  duplicated conditions is  very high, as 
Figure 7-3 testifies. However, the  p r i m r y  purpose of the  f r e e  jet  f a c i l i t y  i s  en- 
gine/ inlet  compatibility research a t  supersonic b c h  numbers. If the  assumption i s  
made tha t  d i rec t  connect mode t e s t ing  i s  suf f ic ien t  fo r  engine r e s e a c h  et subsonic 
and t r a s o n i c  conditions, and t h a t  the  f r ee  J e t  f a c i l i t y  i s  required primarily fo r  
f l i g h t  duplication i n  the  supersonic f l i g h t  regime , then the  large compressor capac- 
The choice 3etween the  two f a c i l i t i e s  centers around t ne  need Tor research 
Fac i l i ty  E20 provides t h i s  capabi l i ty  supplemented with a f r e e  j e t  fa- 
The cost  of attsin- 
- N m U  A#- 
7-4 
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Oescriptim Facility Auerqe FaciMy ~ u y ~ ~ ~ ~ ~  cmt yrh N U I I ~  
+ Resmch (Milliars of Dollrs) 
(Mi (Fuent) 
blinimun Sir4 1h Flight 
136.5 O3 l3 Reynolds Nu* Facility 
Larger 1/5 Flight Reynolds 
Minimum Sued 1/2 Flight '' Reynolds Numbtr Facility 
Baselie 60 
'3 to ~um~s Facilipj AUtrrvte 1 63 524.1 
Attemate 2 78 1,053.5 
FIGURE 7-2a 
FACILITY EVALUATIONS (GAS DYNAMIC) 
1 
1 
w 3  44 972 03 to 5 
W20 54 124.8 0.3 to 8 
GO7 19 11.7 8 to 13 
FIGURE 7-21 
COMPARISON O F  RESEARCH VALUE AND COST FOR THE C/1 FACILITY COMBMATION 
(GO20 AND GD7) BETWEEN THE BASELINE AND ALTERNATE FACILITY SPECIFICATIONS 
i t y  required f o r  t ransonic ,  loii l e v e l  operation and t h e  r e f r ige ra t ion  capacity f o r  
high a l t i t u d e ,  t ransonic  operation can be deleted. 
cost  and only a minimal reduction i n  the f a c i l i t y  research value. 
cost ly ,  t h e  c r i t i c a l  nature of maintsiuf% e%irle operation over a wide range of 
Xech numbers, altitudes, end angles of a t t ack  reqnires  considerable research i n  this 
area. For t h i s  reason, t h e  turbomzhinery f a c i l i t y  recommended f o r  Phase I11 is t h e  
The r e s u l t  i s  a 43% reduction i n  
Although s t i l l  
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- 
Average Research Acquisition Cost Re- 
Value (Millionr of Oollas) 
(Percent) 
Fscility 
E6 
E20 
EZOAR1 
EZOAB2 
FIGURE 7-3 
FACILITY EVALUATION 
(Engine, Turbomachimy) 
; 114.519 Direct Ctnrrct h l y  1 
7G.22 Free Jet ad 
Dimt Connect 
I I 13 I 432.824 
integrated d i rec t  connect-free j e t  f a c i l i t y  E20. 
ani! perfcirmance necessary t o  do research on ewine systems proposed f o r  the  pokn-  
t i a l  operational vehicles. Integration of a f a c i l i t y  of t h i s  type in to  a major 
ground test f a c i l i t y  complex which already has major a i r  comp,.tssor and cooling 
capabili ty,  such as AEDC, could r e su l t  in major savings. For exam@e, the  d i rec t  
comact l eg  of E20 would probably be an adjunct tes t  l eg  fo r  engine t e s t  c e l l  T-1 
with su&.T?lemeritary a i r  compressors and a i r  heater.  That could reduce t re  cost  of 
t h i s  l e g  (which i s  equivalent t o  E6) by 50%. Again, u s h g  similar techniques fo r  
the  f r ee  j e t  l e g  of E20 could reduce the  compressor costs  by A s i w i f i c a n t  level .  
Thus, the  ccs t  of the  f a c i l i t y ,  esthated independently of any capabi l i ty  exis t ing 
a t  the  construction site, represents a maximum, and what i s  ye t  t o  be established i s  
what t o t a l  ins ta l la t im conpromises could be made t o  s ig r i f i can t ly  reduce t h i s  cost .  
This f a c i l i t y  provides t h e  s ize  
The scramjet f a c i l i t i e s  posed a i f f i c u l t  problem i n  terms of evapaaticn. The 
baseline f a c i l i t y  sized Tor a 3.5 r'tc (1.39 E$) capture are& engine module aspeared 
feasible.  
magnitude that it challenged most exis t ing ccnsepts. Figure '7-4 shows t he  increas- 
ing costs when engine module s i ze  i s  increased. 
rapidly as the  mdule s i z e  increases, requiring considerable increase i n  the  devel- 
opment required t o  achieve tha t  l eve l  of performance. 
hardware components involved i n  the  construction of E9, it appears t ha t  up t o  a 50 
per cent increase i n  c a p p r e  area t e s t  capabi l i ty  could be provided without much 
m r e  r i s k  than t h e  15 ftt (1.39 m2) module capabili ty.  
t e s t  capabi l i ty  would involve a greater degree of r i s k  owing t o  the  c e q i e x i t y  of 
pneumatically connecting and valving a large u&er of hc.t gas components. 
Beyond t h i s  Zoint, t he  mass flow/enthalpy combinatLon became c; such 
The cor-fidence l e v e l  decreases 
Bzsed on t h e  s i ze  of thz  
The 45 ft2 !4.19 m2) module 
The 
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Yo fi2 (8.38 m2) tes t  capabi1it.J would not only have t h i s  r i s k ,  but an addi t ional  
r i s k  t h a t  a l l  components would be at least  twice t h e  s i ze  of t he  la rges t  being con- 
ceived f o r  AEDC's l" f a c i l i t y .  
A similar curve of f a c i l i t y  research value versus cost  f o r  d i f f e rec t  cagture 
areas w a s  not F n e r s t e d  f o r  E8 beezuse t h e  task  of providing the shaf t  power f o r  
even the  15  f t  (1.39 m2) s i z e  f a c i l i t y  i s  an exbyeme challenge t o  current technologg-. 
The f a c i l i t i e s  recomaended t o  be carr ied i n t o  Phase 111 are: 
E9, i n  basel ine s i ze ,  with the  provision t h a t  as t h e  hardware def in i t ions  a re  
fur ther  defined it could be increased 30 t o  50 percent i n  s i z e  t o  accomojlzte a 
la rger  engine mo6ule with only nficin;urn cost  increase. 
E8, i n  t h e  besel ine s ize ,  with t h e  provision t h a t  3;Jy t h e  specificat5on f o r  
t h e  equipment be fu r the r  refined. This f a c i l i t y  could provide addi t ional  f l i g h t  
dcplicztion xipabi l i ty  i n  t h e  Mach number io t o  12  f l i gh t  r e g b e  compared t o  E9, 
but because of t h e  low cocfidence level of t he  multireconipression heater concept , 
must be considered a far term f a c i l i t y .  I n  prect ice ,  if E9 exis ted,  t he  E8 capa- 
b i l i t y  could be eas i ly  integrated in to  t h e  complex with l i t t l e  a l t e r a t ion  t o  t h e  
basic  f a c i l i t y ,  and perhaps t h i s  i s  a reasonable method of es-i;imatix?g t h e  eventual 
cost increment. This aFproach a l so  appears reasonable from the  perfcrmance of t h e  
individual hard7are items. The carboE-mcnoxi6e colnbustor of E9 i s  l i n i t e d  t o  
f l i g h t  duplicated conditions at Y&ch 9 t o  9.5. 
compression heater  (Figure 6-68) Segins operation at about Mach 8.5 t o  9 and there- 
Sore appears t o  supplement t h e  basic  perforniance capabi l i ty  of E9, and renoves tine 
major dravback of E8 alone, t h a t  is, the  requirement cf two multirecompression 
heaters t o  cover t h e  e n t i r e  Mach number range f o r  convertible scramjets and scram- 
jets. E9 would then be the  poten t ia l  near term f a c i l i t y ,  supplemented by a m u l t i -  
recompression heater  as a fcr term performance increment (Figure 7-41. 
The high enthalpy range muliire- 
7.2.3 
la rge  number of parametric evalua%ions involving degree of simulation and t -9 
article s ize .  
consider t he  parameters involving d e g e e  of simulation separately f r G m  those in- 
volving tes t  art icle s ize .  The t a s k  f o r  Phase I1 was  t o  determine vhich was t he  
test a r t i c l e  s i z e  aost  amenable t o  accompiishing a s ignif icant  amount of research 
at a reasonable cost. The costs  given i n  Figure 7-5 are f o r  providing complete 
simulation t i m e  h i s to r i e s  of a l t i t ude ,  thermal and mechanical loads. Alti tude sim- 
ulat ion f o r  t h e  rapidly climbing vehicles represent:: 2 major cost fac tor  i n  the  
t o t a l  cost of 52. If i n  Phase I11 it can be shown t h a t  a majori ts  of t h e  t e s t s  
associated with t h i s  f a c i l i t y  do not require t h i s  degree of simulation, then a s ig -  
nif icant  cost  reduction i s  possible (see Figure 6-1081)). 
S T R U C m L  FACILITIES - The synthesis of t h e  s t ruc tu ra l  f a c i l i t y  involved a 
The procedure enployed t o  assess t h e  s t ruc tu rz l  trade-off wa- -0 
The f a c i l i t y  capable of t e s t i n g  component-sized tes t  a r t i c l e s  provide only a 
25 Hesesrch Value increase over the  capabi l i ty  of existing f a c i l i t i e s  and represents 
t he  s i z e  capabi l i ty  current ly  available.  
The tes t  a r t i c l e  s ize  which provides a meaningful increment i n  size and re- 
search capabi l i ty  compared t o  ex is t ing  capa'silities :is t he  major sect ion of 2 full 
scale  aircrL.ft. 
t o r y  time-6ependent pcrameters, and could be reduced, depending on the  Phase I11 
Again the  cost  of t h e  f a c i l i t y  incl tdes  full duplication of tyajec- 
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Facility 
E9 
€9 Alternate 
€3 
E8 Alternate 
~~ ~ 
15(1.39) 
4514.171 
gO(8.34) 
15 
15 
15. 
FIGURE 7-4 
FACILITY EVALUATION 
(Engine, Scramjet) 
Average Research 
Value 
(Percent) 
45 
59 
75 
40 
48 
48 
Acquisition Cost 
Millions of Dollars) 
71.2 
228.7 
586.9 
62.4 
172.5 
251.9 
Remarks 
N%r Tern, Based on 
Current f&hn&ogy 
Limited Ternpentwe. very 
High Operatin3 Costs 
Requires Considerabl: 
Devdopmnt, Far Term 
Beyond Techndogy in 
Ele:rricd/Ucchaniul Drives 
For Rescacb objativu Applicable to Scramjet Research 
analysis.  This recomn?Ez>z*ion i s  ccinsistent with that  put i n t o  prect ice  f o r  the  
Concorde siipersonic t ransport  i n  a five year research and cievelopment program t o  
qua l im  the  Conco--d st.ructure based on a l t i tude /mechenica l / thed  tests on a major 
section of the  f u l l  scale  a i r c r a f t .  
It appeared from the rhase I work t h a t  cer ta in  research requirements which did 
riot requiA-e a major sect ion sized tes t  a r t i c l e  were important t o  the t o t a l  research 
program, but could not j u s t i f y  a separate f a c i l i t y .  
cluded i n  the besic S2 f a c i l i t y  at small addi t ional  cost  (about 1.8%) but increasing 
the research value about 65. 
research, md themal/acoust ic  fa t igue research on component s ized tes t  a r t i c i e s  and 
an acceleratfon track t o  accommodate l iqu id  hydrogen tanks which could be acceler- 
ated and rotated t o  simulate a i r c r a f t  motion. 
Combined St ruc tura l  Research Fac i l i t y  and i s  referred t o  as S20. 
i t y  complex which is recamended t o  be carr ied i n t o  Phase I11 f o r  further refine- 
ment. 
These conditions could be in- 
These requirements were mchanical/acoustic fa t igue 
This combined f a c i l i i y  is ca l led  t h e  
It i s  th i s  f ac i l -  
As discussed i n  Section 6.3.4, the engine f a c i l i t i z s  E8 and E9 can be supple- 
mented w i t h  an aerodynamic nozzle system which can be used f o r  thermodynamic re- 
search and s t ruc tu ra l  research 02 ~"ull sca le  components. 
engine f a c i l i t i e s  is about 1.2 million dol lars ,  which resats  i n  a s igni f icant  in- 
crease i n  t o t a l  research value. 
of the engine f a c i l i t i e s  t o  do s t r u c t u r a l  research provides a s igni f icant  research 
capabili ty.  
The addi t ional  cost  t o  the 
Thus, S20 eupplezrlented with the  research capabi l i ty  
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AVEXAGE RESEARCH 
V-UJrn* 
FIGURE 7-5 
(Struc t ura I) 
FACILITY EVALUATION 
ACQUISITION COSTS 
A W A G E  RESmCH 
s2 
Component of full scale  
a i r c r a f t  
f lajor section of f u l l  scale  
a i r c r a f t  
42 
51 
Coniplete f u l l  scale  a i r c r a f t  I 55 
ACQUISITIOH COST - 
257.6 I 
s20 
Major sect ion of fu l l  scale  
a i r c r a f t ,  plus component 
fatigue , acoustic capa- 
b i l i t y  f u e l  tax& acceler- 
at ion t rack 
54 129.2 
(Add <il. 2 Million for  
E9 Fac i l i t y  Aero- 
thermal Nozzle 
Capabili ty) 
I 16.3 I 52 I I 
* For Appllcable Research Objectives 
7.2.4 MAlTRIALS FACILITY - The materials technology faci l i ty  rates very high i n  the  
area of research accomplished campared t o  a c q e s i t i o n  costs (Figure 7-6). This par- 
t i c u l a r  f a c i l i t y  requires no addi t ional  increment ir, hardware performance, and rep- 
resents 8 col lect ion cf eqEi.pment available i n  many d i f fe ren t  reseerch laborator ies .  
I ts  s x e p t  however i s  8 centralized laboratory where da t a  obtained on coupon sized 
specimens can be t rans la ted  i n t o  viable s t rwtural  concepts thaz can be ve r i f i ed  i n  
an S2 c lass  s t ruc tu ra l  f a c i l i t y  ar,d used as a basis f o r  deternining the  f e a s i b i l i t y  
of the po ten t i a l  operational v&ic le f s  s t ruc tu ra l  weight f rac t ion  and performance. 
As presented i n  Phase 11, i t s  descr ipt ioo is  e s sen t i a l ly  complete. 
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FIGURE 7-7 
RESEARCH CAPABILITY OF INDIVIDUAL GROUND RESEARCH FACILITk3, 
AS A FUNCTION OF ACQUISITION COST 
9 Potential Operational Vehicles 
i m  200 300 400 so0 600 700 800 9m 
Aquisition Cask, 1970 Dollars -Millions d Dollars 
0 3 ,  Trisonic Elowdown Wind Tunnel 
GD20, 
a 7  Y 
E6. 
E20 
E8 Y 
E9 Y 
S2C, St ruc tu ra l  Research Fac i l i t y  
iQ0 Xatezials Technology Fac i l i t y  
W3 Supplemented With A n  Additional Hypersonic Test Leg 
Hypersonic Gas Piston Driver Impulse Wind Tunnel 
i l i re  c t  Connect Turbmaminery Fac i l i t y  
Pitegrated Direct Connect/Free Jet  Turbomachinery F a c i l i t y  
E6  Supplemental W i t h  E7 From Phase I 
Mu:.tirecompres s ion He at cr Scram j e t  Fac i l i t y  
Hyb -id Heater Scram j e t  F a c i l i t y  
Similar t o  GD15 i n  Phase I 
7.2.5 
f a c i l i t i e s  are given In  Figure 7-7. 
i t i e s  achieves a given fac;it of t h e  t o t a l  research necessary. 
FACILITY C O N B I N A T I 3 ~  - The f a c i l i t y  research values f o r  t he  individual  ground 
As s t a t e d  i n  Section 7.1, each of these f a c i l -  
The recommended Phase 111 f a c i l i t i e s  ind ica te  a dominance of t h e  engine f ac i l -  
i t i e s  i n  the t o t a l  cost  picture .  
t i on  which currently exists.  
ex is t ing  f a c i l i t i e s  most closely r e l a t ed  i n  terms of operating concept and s i z e  
This i s  not r e a l l y  any d i f f e ren t  than the  s i tua-  
Figure 7-8 attempts t o  i l l u s t r a t e  t h i s  point .  The 
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FIGURE 7-8 
EXISTING FACILITIES WITH ACQUISITION COSTS 
Expressed in Terms of 1970 Doilars 
EXSTING FACILTTY 
(1) North American Rockwell 
Trisonlc Blowdown 
(2 )  North American Rockwell 
Trisonic Blswdoun 
AEDC Tunnel B 
( 3 )  AEDC c 
l%DC T u n n e l  F 
b--- 
( 4 )  EJIC Engine 
T e s t  C e l l  T-1 
( 5 )  AEDC Engine 
Test Cell T-1 
AEDC 162 
AEDC 1 6 ~  
(6) FDL, 50 Megawatt 
F a c i l i t y  
('TI NASA Langley 
Structures  Laboratory 
Fatigue Pesearch Labora5ory 
High In tens i ty  Noise Lab 
L m  Freq. Noise F a c i l i t y  
Landing Impact F a c i l i t y  
S t ruc tura l  Research Lab. 
ACQUISITION COST 
1970 DOLLARS 
(1000's $1 
26,000 
28,300 
54,300 
26,400 
7,153 
33,550 
45,600 
45,600 
i 4 1 , O O O  
104,000 
290,600 
15,000 
1,378 
433 
700 
1,620 
5,700 
9,831 
Summation of ex is t ing  ground research 
f a c i l i t i e s  corresponding mos5 closely 
t o  t h e  recommended Phase I11 
f a c i l i t i e s ,  GD20, GD7,  E20, E9, S20, E O  
$403,281,000 with acquis i t ion  
costs  represented i n  1970 dol la rs .  
Iycoo1vN~U 4II-A- 
7 - 3  
1 MOST CLOSELY RELATE2 
STUDY FACILITY 
GD 3 
GD20 
GD7 
E6 
~~ 
E20 
E9 
520 
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FACILITY 
TYPE 
G a s  Dynamic 
i GD20, GD7 
I 
Engine 
E20, E9 
S t ruc tu ra l  
Materials 
FIGURE 7- 9 
COMPARISON OF COST FRACTION FOR EXISTING AND STUDY FACILITIES 
MOST CLOSELY 
CORRESPONDING 
EXISTING 
FACILITIES STUDY 
(EEE FIGURE 7-8) FACILITIES - 
21.8% 17.6% 
74 0 7% 63.6% 
2.3% 16.7% 
< 1% 2.1% 
t o  the recommended Phase I11 f a c i l i t i e s  were se lec ted ,  end the acquis i t ion costs  
expresses i n  terns of 1970 dol la rs  using the h i s t o r i c a l  cost  data presented i n  Figure 
6-5.. 
The r e l a t i v e  contributiolls of t he  costs of t h e  ex is t ing  f a c i l i t i e s  most direct-  
l y  cornpartible t o  the recommended Phase I11 f a c i l i t i e s  ';o the t o t a l  cost  of the  
group of ex i s t ing  f a c i l i t i e s  were calculated and groupea by f a c i l i t y  categoiy. 
similar calculat ion w a s  done fo r  the Phase I11 recommendel f a c i l i t i e s .  The camaari- 
son i s  shown i n  Figure 7-9, and shows a s t r i k i n g  s imi l a r i t y .  
instance,  t ha t  engine research f a c i l i t i e s  have i n  the pas t  and will, i n  the  fu ture ,  
require  the l a rges t  share of f a c i l i t y  fdnding. 
w i l l  require  a higher r e l a t i v e  investment than would be indicated by h i s t o r i c a l  
data.  This is  so because cf t he  current  emphasis placed on the  need t o  provide 
combined t e s t i n g  environments on la rge  tes t  ar t ic les ,  whereas t h i s  type of testing 
i n . t h e  pas t  has been-res t r ic ted  t o  very mall t e s t  articles. 
A 
This ind ica tes ,  f o r  
The proposed s t r u c t u r a l  f a c i l i t y  
An i n t e re s t ing  comparison can a lso  be made  between the Research Values and 
Figure 7-10 shows costs  of the  recommended f a c i l i t i e s  and exis t ing  f a c i l i t i e s .  
t h i s  comparison, where t h e  costs f o r  both new and ex i s t ing  f a c i l i t i e s  ?-e shown, 
f o r  consistzncy, i n  1970 dol la rs .  
sented by the  ex i s t ing  f a c i l i t i e s  should be shown at zero cos t ,  s ince they represent 
r e s e d c h  capabi l i ty  which requires  no addi t ional  funding t o  obtain. 
Figure 7-10 i s ,  however, t o  show a corre la t ion  between t h e  Research Value of a 
group of f a c i l i t i e s  w i t h  t h e i r  cos t ,  i f  they were all t o  be b u i l t  today. 
seen tha t  the t o t a l  recammended f a c i l i t i e s  provide a combined capabi l i ty  about 
It mq* be argued that t h e  Research Value repre- 
The i n t e n t  of 
It i s  
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FIGURE 7-10 
COMPARISON OF THE RESEARCH VALUE OF EXISTING FACILITIES WITH THE 
RECOMMENDED PHASE 111 STUDY FACILITIES AS A FUNCTION OF TOTAL COST 
100 
60 
Facility Research 
Value - Percent 
40 
20 
0 
2 
0 200 400 600 800 lMxl 
Acquisition Costs, 1970 Dollars - Millions of Dollars 
Research Value Based M the 4 Operational V%icles M1, C1, L2, and W 
@ = Existing facilities defined in Figure 7-8. 
@ = Total irwp of Phase 111 recommended facilities. 
@ = T ~ I  m e  111 recommended facilities without the free jet capability o i  E a  
twice t h a t  of t h e  ex i s t ing  f a c i l i t i e s  a t  about twice the  acquis i t ion cost .  Also 
shown is  the RV and cost  of t h e  rzcommended f a c i l i t i e s  rlinus the  f ree  j e t  capabil- 
i t y  of E20. 
l o s t  3y eliminating f r e e  j e t  turbomachinery test capabi l r ty  and re ta in ing  only di-  
r e c t  connect ccpabi l i ty ,  while about $310 mill ion i s  saved i n  acquis i t ion  costs .  
"%.is l i n e  on Figure 7-10 suggests t h a t  very l i t t l e  research vaJ-ue is  
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7.3 RECOMMENDED PHASE 111 FACILITIES 
Each of the  f a c i l i t i e s  recomended i s  l i s t e d  and i t s  a t t r i b u t e s  and favorable 
fac tors  a f fec t ing  i t s  se lec t ion  f o r  Phase 111 are sumtuarized. Also, some overa l l  
observat.'mu Yesulting from t h e  Phase I1 work are presented. 
7.3.1 
7-11 thy; 7-13 present "pie" char ts  representing the  magritude of t h e  COST of t h e  
recammended P h a e  I11 f a c i l i t i e s .  For the  gasdynamic f a c i l i t i e s  , which are in t e r -  
mit tent  operating, t h e  air compressor system and storage tanks repiesent 3 m j o r  
portion o f  t he  t o t a l  f a c i l i t y  cos ts ,  with the  exception of G D 7 ,  wiiich as an impulse 
wind tunnel  has i t s  primary cost  i n  the  tes t  leg.  For t h e  engln f a c i l i t i e s ,  
vhich are continuous operating , t he  compressor p lan ts  and prime hiovers represent 
about 75% of the  t o t a l  f a c i l i t y  costs .  The ac tua l  t e s t  legs a re  "near optinum" ' n  
design and l i t t l e  fu r the r  refinements can be done unless d e t a i l  desi-::-; s tudies  a;e 
undertaken. However, t he  current def in i t ions  of t h e  compressor pl.arAus are  very 
elemental, and fur ther  refinement , using t h e  compressor manufactixer's plant  con- 
cepts and methods t o  in t eg ra t e  i n t o  ex is t ing  capzbi l i ty  can provide substarcia1 
changes i n  overa l l  f a c i l i t y  costs .  The major refinement necessary i s  rrot on t h e  
t e s t  l eg  i t s e l f  but t h e  system complex which provides t h e  ove ra l l  capabi l i ty  fo r  t h e  
t e s t  l eg  t o  function. 
7.3.2 
SUMMARY OF FACILITY CiikXTERISTICS , COSTS, AND RESEARCH VAL?rS - Figures 
SELECTXD FACILITIES, RATIONALE - Zach f a c i l i t y  recornended f o r  Phase III 
be l i s t e d ,  and the  ra t iona le  f o r  i t s  se lec t ion  w i l l  be summarized. 
7.3.2.1 GD20 Baseline, Trisonic/3ypersonic Blowdown F a c i l i t y  
o Represents H very low r i s k  f a c i l i t y .  Care must be exercised i n  the  design 
s o  t h a t  lesser cmponents do not adversely affec', i t s  I( ; ' a b i l i t y  by 
attempting t o  extrapolace component hardware t o  btiq la**- ,J imlividual  
size.  
o The one-fifth of maximuin f u l l  sca le  Reynolds number capabi l i ty  provides the  
most s ign i f icant  increase i n  capabi l i ty  ovtr ex i s t ing  l eve l s  considering 
f a c i l i t y  acquis i t ion costs .  
o Provides rseded research '17 t h e  Mach 0 .3  t o  5 range with :he t r i s o n i c  l e g ,  
increment i s  based on ',he f a c t  t h a t  it proviues up t o  f i v e  t i . L s  %he 
Reynolds number chpaoi l i ty  of bes t  ex i s t ing  f a c i l i t i e s .  
.:d fram 4.5 t o  8.5 w i t h  hypersail? leg.  I ts  large Research Value 
7.3.2.2 GD7 Baseline, Hymersonic Gas Pietor 'mpulse Wind !Tua.nm 
o A low r i s k  f a c i l i t y  based 3n t he  hir,her Mach number, and smaller wind tun- 
ne ls  operating a t  the  Navp.?; Ordnanct: Laboratory and New York University.  
Again, care must be exercised i n  thc. design, and a t ten t ion  t o  d e t a i l  i s  
important, but  it i s  cer ta in ly  capable of being a near term fP.cil i ty.  
The one-fifth of maximum fill sca l e  Reynolds number capabi l i ty  prov5des a 
s lgn i f icant  increase i n  capabi l i ty  om:. ex i s t ing  levels considering the  
f a c i l i t y  acquis i t ion costs  required,  
o 
REPORT MDC A0013 2 OCTOBER 1970 
VOLUME Ill PART I 
7.3.2.3 E20 Alternate 2 ,  Integrated Direct Connect-Free Jet Turlcnachinery F a c i l i t y  
o Very cost ly ,  but provliles 6. reseazch c q a b i l i t y  not avci lable  at any facil- 
i t y  i n  terms of s i z e  and fl ight duplication. 
Probabl-.-l c x l d  be subs tan t ia l ly  reduced i n  cos t  by i a t eg ra t i ag  i n t o  an 
exis t i% la rge  Fsc i l i t y  cwplex. 
o 
7.3.2.4 E8 Easeline Multirecrrmpession Tteater S c r q i e t  F a c i l i t y  
o Can provide f o r  far tern iczreases i n  ?erfomsnce f o r  scramjer; engines. 
o Very hTgh r i sk  i n  terns of p r i m  mover cozcept -A.ich can provide power 
density necessaq .  
o bh1tire:mpression hea ter  cou'3 3e incorporated i n t o  E? at soEe later date 
85 aa hprovenient a2 sntnLm1 cost ,  and after subscde .*.evelopent. 
o Retained only f o r  ref ' inment of spec ic ica t l  7 ons . 
o Ccacept feasTb1e only i n  besel ine s i ze ,  regardless  of resea-ch value. 
7 . 3  2.5 E9 Baseline Hybrid S c r m j e t  F s c i l a  
o Based on concepts oserating i n  p-essnt  i n d u s t r i a l  p l a t s  and resaarch labo- 
ra tor ies .  Dcvelopmnt of existing technoLogy. Koderate r i sk  i n  pa r t i cu la r  
item f o r  9Ezmatical ly  connectirig i~c: gas sect ions of f a c i l i t y  components, 
and i n  developing design tietails and saterial zpplica-tions f o r  scrsmjet tes t  
sec t i a i .  
a High research valiie ana moderate cost .  B e s t  of scramjet f a c i l i t i e s .  
o Possible t o  increase engfne s i z e  capabi l i ty  by 30 t o  50% without incui?-ing 
2rohibit.ive cost  increases. 
r i s k  and increase costs.  
Larger increases rap id ly  increase technica l  
7.3.2.6 S20 CQmbined St ruc tura l  Research F e z i l i t y  
o Provides meaningful increzent over ex is t ing  capzbi l i ty .  
o Eloderate cost  , cgnsidering sG?hiskicated degree of s i d a t i o n .  
o Cost reductions oossible by analyzing tes t  grogram requirements and cor- 
r e l a t ing  w5.th deL.-ee of  SiE-datian, i n  Phase 111. 
o E'rovides fa t igue research capaoi l i t y ,  and evaluation of :I x i z o n t a i  l i q u i d  
hydrogen f ce l  tank f o r  o d y  1% increase i n  cos t  
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FIGURE 7-11 
GAS DYNAMIC FACILITY COST COUPAHISONS 
GO20 Baseline 
Total Facility Cost$124,807,OO!l 
. . .  
Compressor Rant 
YoGd Assembly Building 
High Pnsrure Air Star= 
Low Pressure Blowdom Piping 
High Pnoure Blowdom Pipii  
Stcd Matrix Heater 
GO-7 Baseline 
Total Frcility Cost -Sll,723,0M 
V w m  Pumping System 
N i t r w n  System 
Nos: A m  of Cirds ploportiod to TotJ C a t  
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FIGURE 7 -12 
ENGINE TEST FACILITY COST COMPARISONS 
E-8 Wine 
Tosl Fscility Cast - $172,005.W 
E-9 -line 
Toe! hcility Cort - $71346,ooO 
Note: 
arret 
Area of Circie 
Froport ional 
to Total Cost 
E-20 Ntrmrte Ho. 2 
Totd Facility Cast - 923,729,000 
Fm Jot Test Leg 
C4aarct Tat Leg Hum 
Wmr Spnv Intrke 
and E x W  T o m  
RIfripurttonAurt 
OinctCMarctTntLag 
7-17 
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FIGURE 7-13 
STRUCTURES AND MATERIAL FACILITY COST COMPARISON 
S-20 Combined Shctura l  Research 
TOW F - d t  a E129.193,WUl 
M-20 Yaterids -hnolopy 
Total Facility Cost $1 1.595, OOO 
Note: Area of Circle 
Proportional to 
Total Cost 
Key: 
1 - Building Complex 
2 - Metallurgical Laboratory 
3 - Fabrication Development 
Labcratory 
4 - Nondestructive Test and 
Inspection Laboratory 
5 - Mix.  LJoratory Equip. 
m n t  
6 -Services and Utilities 
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o When supplementea by E9 capability with aerodynamic nozzles for  s t ructural  
research, research value increases sigcificantly for a 2% additional cost 
t o  E9. 
o Lou risk f a c i h t y ,  basec on existing hez&uere con-gonents. 
7.3.2.7 X20 Materials Technolorn Fz-:cility 
._ o Very high research yahe for ve-3 l o w  ccst. 
o EquiIJment defined in Phase SI sufficient for Phase iII. 
o Retained for inco;poration in to  existi% lalxratory fac i l i t l es .  
o Provides essent5al research to transla+& coupon thzatophysical data izto 
viable strucLural concepts. 
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